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The present invention relates to methods of operating reconf i- 
gurable arrays of data processing elements. 

When using sucharrays, it is desired to optimise the way the 
array is coupled to other units, e.g. to a processor if used 
as a coprocessor and/or to optimise the way in which the array 
is configured. 

The present invention aims at providing improvments over the 
prior art . 

It is to be noted that the disclosure of the present invention 
does comprise two major parts in its description that both re- 
fer to ways of allowing for an optimum use of the array and 
hence are closely related to each other. 

It is also, to be noted that the shorter of the two major parts 
does comprise a plurality of figures that the text relates to 
however without always giving an exact, precise and correct 
reference. Yet any deviations from correct referencing will be 
obvious to the average skilled person. 
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1 Executive Summary 



The study is concerned with three objectives: 

1. Proposal of a hardware framework, which enables an efficient integration of the PACT XPP 
core into a standard RISC processor architecture. 

2. Proposal of a compiler for the coupled RISC+XPP hardware. This compiler decides 
automatically which part of a source code is executed on the RISC processor and which part is 
executed on the PACT XPP. 

3. Presentation of a number of case studies demonstrating which results may be achieved by 
using the proposed C Compiler in cooperation with the proposed hardware framework. 

The proposed hardware framework accelerates the XPP core in two respects. First, data throughput is 
increased by raising the XPF's internal operating frequency into the range of the RISCs frequency. 
This, however, means that the XPP runs into the same pit like all high frequency processors - memory 
accesses become very slow compared to processor internal computations. This is why the use of a 
cache is proposed. It eases the memory access problem for a large range of algorithms, which are well 
suited for an execution on the XPP, The cache as second throughput increasing feature requires a 
controller. Hence a programmable cache controller is introduced, which manages the cache contents 
and feeds the XPP core, ft decouples the XPP core computations from the data transfer so that, for 
instance, data preload to a specific cache sector takes place while the XPP is operating on data located 
m a different cache sector 

Another problem emerging with a coupled RISC+XPP hardware is concerned with the RISCs 
multitasking concept. It becomes necessary to interrupt computations on the XPP in order to perform a 
task switch. Multitasking is supported by the proposed compiler, as well as by the proposed hardware. 
Firsts each XPP configuration is considered as an uninterruptible entity. This means that the compiler, 
which generates the configurations, takes care that the execution time of any configuration does not 
exceed a predefined time slice. Second, the cache controller is concerned with the saving and restoring 
of the XPP's state after, an interrupt. The proposed cache concept minimizes the memory traffic for 
interrupt handling and frequently even allows avoiding memory accesses at all.. 

Finally, the proposed cache concept is based on a simple IRAM cell structure allowing for an easy 
scalability of the hardware - extending the XPP cache size, for instance, requires not much more than 
the duplication of DRAM cells. 

The study proposes a compiler for a RISC+XPP system. The objective of the compiler is that real- 
world applications, which are written in the C language, can be compiled for a RISC+XPP system. 
The compiler removes the necessity of developing NML code for the XPP by hand. It is possible, 
instead, to implement algorithms in die C language or to directly use existing C applications without 
much adaptation to rhe XPP system. The proposed compiler includes three major components to 
perform the compilation process for the XPP: 

t . partitioning of the C source code into RISC and XPP parts, 

2. transformations to optimize the code for the XPP and 
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3. generating NML code. 

Finally the generated NML code is placed and routed for the XPP. 

The partitioning component of the compiler decides which parts of an iffWba 
Secured on the XPP and which parte are executed on the RISC. Typical candidates for becornu^g >JP 
SdTSe loops with a large nuaTber of iteration whose loop bodies are dominated by anAmetic 
operations. The remaining source code - including the data transfer code - is compiled for the RISC. 

The proposed compiler transforms the XPP code such that it is optimized for NML code generation. 
The informations included in the compiler comprise a large number of loop transformations as well 
as General code transformations. Together with data and code analysis the compiler ^structures the 
code so that it fits into the XPP array and that the filial performance exceeds the pure RISC 
performance. Finally the compiler generates NML code from the Transformed program. The whole 
compSn process te controlled by an optimization driver which selects the optunal order of 
transformations based on the source code. 

The case studies build a major aspect of the study. The selection of the examples is conducted by the 
guiding principle that each example stands for a set of typical real-world applications For each 
example me study demonstrates the work of the proposed compiler. Fust the code is partitioned. The 
code transformations, which are done by the compiler, are shown and explained. Some examples 
require minor source code transformations which must be performed by hand. The study argues that 
these transformations are either too expensive, or too specific to make sense to be mcluded in the 
proposed compiler. Dataflow graphs of the transformed codes are constructed for each example, which 
are used by the compiler to generate the NML code. In addition the XPP resource usages are shown. 

The case studies demonstrate that a compiler containing the proposed transformations can generate 
efficient code from numerical applications for the XPP. This is possible because the compiler relies on 
the features of the suggested hardware, like the cache controller. 
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2 Hardware 



2.1 Design Parameter Changes 



Since the XPP core shall be integrated as a functional unit into a standard RISC core, some system 
parameters have to be reconsidered: 



RISC instructions of totally different type (Ld/St, ALU, Mul/Div/MAC, FPALU, FPMuL..) are 
executed in separate specialized functional units to increase the fraction of silicon that is busy on 
average. Such functional unit separation has led to superscalar RISC designs, that exploit higher levels 
of parallelism. 

Each functional unit of a RISC core is highly pipelined to improve throughput Pipelining overlaps the 
execution of several instructions by splitting them into unrelated phases, which are executed in 
different stages of the pipeline. Thus different stages of consecutive instructions can be executed in 
parallel with each stage taking much less time to execute. This allows higher core frequencies. 

Since the pipelines of all functional units are approximately subdivided into sub-operations of the 
same size (execution time), these functional units / pipelines execute in a highly synchronous manner 
with complex floating point pipelines being the exception. 

Since the XPP core uses data flow computation, it is pipelined by design. However, a single 
configuration usually implements a loop of the application, so the configuration remains active for 
many cycles, unlike the instructions in every other functional unit, which typically execute for one or 
two cycles at most. Therefore it is still worthwhile to consider the separation of several phases (e.g.: 
Ld / Ex / Store) of an XPP configuration (= XPP instruction) into several functional units to improve 
concurrency via pipelining on this coarser scale. This also improves throughput and response time in 
conjunction with multi tasking operations and implementations of simultaneous multithreading (SMT). 

The multi cycle execution time also forbids a strongly synchronous execution scheme and rather leads 
to an asynchronous scheme, like for e.g. floating point square root units. This in turn necessitates the 
existence of explicit synchronization instructions. 



As a functional unit, the XPP's operating frequency will either be half of the core frequency or equal 
to the core frequency of the RISC. Almost every RISC core currently on the market exceeds its 
memory bus frequency with its core frequency by a larger factor. Therefore caches are employed, 
forming what is commonly called the memory hierarchy: Each layer of cache is larger but slower than 
its predecessors. 



1 



2.1.1 Pipelining / Concurrency / SynchronicHy 



2.1.2 Core frequency /Memory Hierarchy 
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This memory hierarchy does not help to speed up computations which shuffle large amounts of data, 
with little or no data reuse. These computations are called "bounded by memory bandwidth". However 
other types of computations with more data locality (another name for data reuse) gain performance as 
long as they fit into one of the upper layers of the memory hierarchy. This is the class of applications 
that gain the highest speedups when a memory hierarchy is introduced. 

Classical vectorization can be used to transform memory-bounded algorithms, with a data set too big 
to fit into the upper layers of the memory hierarchy. Rewriting the code to reuse smaller data sets 
sooner exposes memory reuse on a smaller scale. As the new data set size is chosen to fit into the 
caches of the memory hierarchy, the algorithm is not memory bounded any more, yielding significant 
speed-ups. te ^ ■ 

2.1 .3 Software / Multitasking Operating Systems 

As the XPP is introduced into a RISC core, the changed environment - higher frequency and the 
memory hierarchy - not only necessitate reconsideration of .hardware design parameters, but also a 
revaluation of the software environment 

Memory Hierarchy 

The introduction of a memory hierarchy enhances the set of applications that can be implemented 
efficiently. So far the XPP has mostly been used for. algorithms that read their data set in a linear 
manner, applying some calculations in a pipelined fashion and writing the data back to memory As 
long as all of the computation fits into the XPP amy, these algorithms are memory bounded. Typical 
applications are filtering and audio signal processing in general. 

But there is another set of algorithms, that have even higher computational complexify and higher 
memory bandwidth requirements. Examples are picture and video processing, where a second and 
third dimension of data coherence opens up. This coherence is e.g. exploited by picture and video 
compression algorithms, that scan pictures in both dimensions to find similarities, even searching 
consecutive pictures of a video stream for analogies. Naturally these algorithms have a much higher 
algorithmic complexity as well as higher memory requirements. Yet they are data local, either by 
design or they can be transformed to be, thus efficiently exploiting the memory hierarchy and the 
higher clock frequencies of processors with memory hierarchies. 

MulU Tasking 

The introduction into a standard RISC core makes it necessary to understand and support the needs of 

InT^^^TTl^T" 1 ' f Stand3ni WSC P roceS5ora ^ally operated in multitasking 
environments. W tfa multitasking, the operating system switches the executed application on a regular 
basis thus simulating concurrent execution of several applications (tasks). To switch tasks the 
operating system has to save the state (context i. e . the contents of all registers ...) of the running task 
and then reload the state of another task. Hence it is necessary to determine what the state of the 
processor is, and to keep it as small as possible to allow efficient context switches. 

Modern microprocessore gain their performance from multiple specialized and deeply pipelined 
fcESSPi. ^ ♦i! Sh men »f.»y hierarchies, enabling high core frequencies. But high memory 
hierarchj« mean that there .s a high penalty for cache misses due to the difference between core and 
memory frequency, since many core cycles pass until the values are finally SlableS memSl 
Deep pmehnes incur online stalls due to data dependencies as well as branch penaWe? for 
mispredicted conditional branches. Specialized functional units like floating pTmt un te idTe for 
integer-only programs. For these reasons, average functional unit utilization is much too low. 
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The newest development with RISC processors, Simultaneous MultiThreading (SMT), adds hard-ware 
support for a finer granularity (instruction / functional unit level) switching of tasks, exposing more 
than one independent instruction stream to be executed. Thus, whenever one instruction stream stalls 
or doesn't utilize all functional units, the other one can jump in. This improves functional unit 
utilization for today's processors, 

With 5MT, the task (process) switching is done in hardware, so the processor state has to be 
duplicated in hardware. So again it is most efficient to keep the state as small as possible. For the 
combination of the PACT XPP and a standard RISC processor, SMT is very beneficial, since the XPP. 
configurations execute longer than the average RISC instruction. Thus another task can utilize the 
other functional units, white a configuration is running. On the other side, not every task will utilize 
the XPP, so while one such non-XPP task is running, another one will be able to use the XPP core- 



2.2 Communication Between the RISC Core and the 
XPP Core. 

2.2.1 Streaming 



Since streaming can only support (number_ofJO_ports * width_of_IO_port) bits per cycle, it is only 
well suited for small XPP arrays with heavily pipelined configurations that feature few inputs and 
outputs. As the pipelines take a long time to fill and empty while the running time of a configuration is 
limited (as will be described under "context switches'*), this type of communication does not scale well 
to bigger arrays and array frequencies near the RISC core frequency. 

■ Streaming from the RISC core 

In this setup, the RISC supplies the array with the streaming data. Since the RISC core has to 
execute several instructions to compute addresses and load an item from memory, this setup is 
only suited, if the XPP cote is reading data with a frequency much lower than the RISC core 



In this mode the RISC core only initializes a DMA channel which then supplies the data items 
to the streaming port of the XPP core. 



In this configuration the XPP array configuration uses a number of PAEs to generate an address that is 
used to access main memory through the IO ports. As the number of lO ports is very limited this 
approach suffers from the same limitations as the previous one, although for larger arrays the impact 
of using PAEs for address generation is lessening. However this approach is still useful for loading 
values from very sparse arrays. 



frequency. 
Streaming via DMA 



2.2.2 



Shared Memory (Main Memory) 
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« The IRAMs can be loaded in advance by separate "load" configurations using streaming. 

This corresponds to the usage as vector register As explicated above, this will limit the 
performance of the XPP anay, especially as the IRAMs will always be part of the externally 
visible state and hence must be saved and restored on context switches. 

, The IRAMs can be loaded in advance by separate "load" instructions. 

This can be viewed as hard coded load configuration and reduces configuration reloads. 
Additionally, the special load instructions may use a wider interface to the memory hierarchy. 
This corresponds to the usage as vector registers. 

• The IRAMs can be loaded by a fte burst preload from memory" instruction of the cache 
controller. 

• The best mode however is a combination of the previous solutions with the extension of a 
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A preload instruction maps a specific memory area defined by starling address and size to 
IRAMx. This triggers a (delayed; low priority) burst load from the memory hierarchy (cache). 
After all IRAMs are mapped, the next configuration can be activated. The activation incurs a 
wait until all burst loads are completed. However, if the preload instructions are issued long 
enough in advance and no interrupt or task switch destroys cache locality, the wait will not 
consume any time. 

To specify a memory block as output IRAM, a "preload clean" instruction is used, which 
avoids loading data from memory. 

A synchronization instruction is needed to make sure thai the content of a specific memory 
area, which is cached in IRAM, is written back to the memory hierarchy. This can be done 
globally (full write back), or selectively *y specifying the memory area, which will be 
accessed. 

22.4 Proposal 

We propose an XPP integration as an asynchronously pipelined functional unit for the RISC. We 
further propose an explicitly preloaded cache for the IRAMs, on top of the memory hierarchy existing 
within the RISC. Additionally a de-centralized explicitly preloaded configuration cache within the 
PAE array is employed to support preloading of configurations and fast switching between 
configurations. 

Since the IRAM content is an explicitly preloaded memory area, a virtually unlimited number of such 
IRAMs can be used. They are identified by their memory address and their size. The IRAM content is 
explicitly preloaded by the application. Caching will increase performance by reusing data from the 
memory hierarchy. The cached operation also eliminates the need for explicit store instructions; they 
are handled implicitly by cache write back operations but can also be forced for synchronization. 

The pipeline stages of the XPP functional unit are Load, Execute and Write Back (Store). The store is 
executed delayed as a cache write back. The pipeline stages execute in an asynchronous fashion, thus 
hiding the variable delays from the cache preloads' and the PAE array. 

The XPP functional unit is decoupled of the RISC by a FIFO, which is fed with the XPP instructions. 
At the head of this FIFO, the XPP PAE consumes and executes the configurations and the preloaded 
IRAMs. Synchronization of the XPP and the RISC is done explicitly by a synchronization instruction. 

Instructions 

In the following we define the instruction formats needed for the proposed architecture. We use a C 
style prototype definition to specify data types. All instructions, except the XPPSync instruction 
execute asynchronously. The XPPSync instruction can be used to force synchronization. 

70 
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Note that speculative preloads are possible, since successive preload commands overwrite the 
previous. 

The parameter is a pointer register of the RISC pointer register file. The size is implicitly contained in 
the configuration. 

XPPFreload (int IRAM, void *SfartAddress, int Size) 
XPPFreloadCIean (int RAM, void *StartAddress, int Size) 

This instruction specifies the contents of the IRAM for the next configuration. In fact, the memory 
area is added to the preload FIFO to be loaded into the specified IRAM. 

The first parameter is die IRAM number. This is an immediate (constant) value. 

The second parameter is a pointer to the starting address. This parameter is provided in a pointer 

register of the RISC pointer register file. 

The third parameter is the size. This is an integer value. It resides in a general-purpose register of the 
RISC's integer register file. 

The first variant actually preloads the data from memory. 
• The second variant is for write-only accesses. It skips the loading operation. Thus no cache misses can 
occur for this IRAM, Only the address and size are defined. They are obviously needed for the write 
back operation of the IRAM cache. 

Note that speculative preloads are possible, since successive preload commands to the same IRAM 
overwrite each other. Thus only the last preload command ts actually effective, when the configuration 
* is executed. 

XPPExecute 0 

This instruction executes the last preloaded configuration with die last preloaded IRAM contents. 
Actually a configuration start command is issued to die FIFO, Then the FIFO is advanced; this means 
that further preload commands will specify the next configuration or parameters for the next 
configuration. Whenever a configuration finishes, the next one is consumed from the head of the 
FIFO, if its start command has. already been issued. 

XFFSyuc (void *StartAddress, int Size) 

This instruction forces write back operations for all IRAMs that overlap the given memory area. If 
overlapping IRAMs are still in use by a configuration or preloaded to be used, this operation will 
block. Giving an address of NULL (zero) and a size of MAXJNT (bigger than the actual memory), 
this instruction can also be used to wait until all issued configurations finish. 
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Figure 1 : Memory interface 1 
The XPP core shares the memory hierarchy with the RISC ewe using a special cache controller. 



XPPPreloadConK&< CONFIG 1 ); 
XFFFreload( IRAM2, 0*20000, 30 ); 
XFPPrelond< XRAMO, 0x20400. 200 ): 
XFPPreUmUClcmiC IRAM5, 0*20000. 10 ); 

r 

other RISC computations 
in the meanwhile the burst preloads and 
the previous configuration are running 
■7 

XPPExecute(CONFU51 ): 

r 

Other RISC computations 
maybe b«m preloads of 
another configuration »nd other data 
-/ 
) 

Note: in all places where constants arc used* 
tho value should actually come from a register 



Le gend: 



• thread state resource 



volatile read only resource. 




Figure 2 RAM & configuration cache controller data structures and usage example 

The preload-FIFOs in the above figure contain the addresses and sizes for already issued IRAM 
preloads, exposing them to the XPP cache controller. The FIFOs have to be duplicated for every 
virtual processor in an SMT environment. Tag is the typical tag for a cache line containing starting 
address, size and state {empty I clean I dirty I in-use). The additional in~use state signals usage by the 
current configuration. The cache controller cannot manipulate these IRAM instances. 
The execute configuration command advances all preload FIFOs, copying the old state to the newly 
created entry. This way the following preloads replace the previously used IRAMs and configurations. 
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If no preload is issued for an IRANI, the previous information is retained, eliminating identical preload 
commands. 
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Figure 3: Asynchronous pipeline of the XPP 

Each configuration's execute command has to be delayed (stalled) until all necessary preloads are 
finished,- either explicitly by the use of a synchronization command or implicitly by the cache 
controller. Hence the cache controller (XPP Ld/St unit) has to handle the synchronization and execute 
commands as well, actually starting the configuration as soon as all data is ready. After the termination 
of the configuration, dirty IKAMs are written back to memory as soon as possible, if their content is 
not reused in the same IRAM. Hie XPP PAE array and the XPP cache controller can therefore be seen 
as a single unit since they do not have different instruction streams: rather, the cache controller can be 
seen as the configuration fetch (CF), operand fetch (OF) (IRAM preload) and write back (WB) stage 
of the XPP pipeline, also triggering the execute stage (EX) (PAE array). 

Due to the long latencies, and.their non-predictability (cache misses, variable length configurations), 
the stages can be overlapped several configurations wide using the configuration and data preload 
FIFO (pipeline) for loose coupling. So if a configuration is executing and the data for the next has 
already been preloaded, the data for the next but one configuration is preloaded. These preloads can be 
speculative; the amount of speculation is the compiler's trade-off. The length of the preload FIFO can 
be several configurations; it is limited by diminishing returns, algorithm properties and the compiler's 
ability to schedule preloads early. Due to this loosely coupled operation, the interlocking cannot be 
done optimally by software (scheduling), but has to be enforced by hardware (hardware interlocking). 
Hence the XPP cache controller and the XPP PAE array can be seen as separate but not totally 
independent functional units. 
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Figure 4; State transition diagram for the XPP cache controller 1 
TTie XPP cache controller has several tasks. These lire depicted as states in the above diagram. State 
transitions take place along the edges between states, whenever the condition for the edge is true. As 
soon as the condition is not true any more, the reverse state transition lakes place. The activities for the 
states are as follows: 

At the lowest priority, die XPP cache controller has to fulfill already issued preload commands, while 
writing back dirty I RAMs as soon as possible. 

As soon as a configuration finishes, the next configuration can be started. This is a more urgent task 
lhan write backs or future preloads. To be able to do that, all associated yet unsatisfied preloads have 
to be finished first Thus they are preloaded with the high priority inherited from the execute state. 

A preload in turn can be blocked by an overlapping in-use or dirty IRAM instance in a different block 
or by the lack of empty TRAM instances in the target IRAM block. The former can be resolved by 
waiting for the configuration to finish and / or by a write back. To resolve the latter, the least recently 
used clean IRAM can be discarded, thus becoming empty. If no empty or clean IRAM instance exists, 
a dirty one has to be written back. tQ.trgjMmor^hieraichy. It cannot occur that no empty, clem or 
dirty IRAM instances exist, s^f f^L^ there should be more than one 
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In an SMT environment the load FIFOs have to be replicated for every virtual processor The pipelines 
of the functional units are -fed from the common fetch / reorder / issue stage. Ail functional units 
execute in parallel. Different units can execute instructions of different virtual processors. 

2,2.5 Further Improvements 

Write Pointer 

To further decrease the penalty for unloaded IRAMs, a simple write pointer may be used per IRAM, 
which keeps track of the last address already in the I RAM. Thus no stall is required, unless an access 
beyond this write pointer is encountered. This is especially useful, if all IRAMs have to be reloaded 
after a task switch: The delay to the configuration start can be much shorter, especially, if the preload 
engine of the cache controller chooses the blocking IRAM next whenever several IRAMs need 
reloading 

Longer FIFOs 

The frequency at the bottom of the memory hierarchy (main memory) cannot be raised to the same 
extent as the frequency of the CPU core. To increase the concurrency between the RISC core and the 
PACT XPP core, the prefetch FIFOs in the above drawing can be extended. Thus the IRAM contents 
for several configurations can be preloaded, like the configurations themselves. A simple convention 
makes clear which IRAM preloads belong to which configuration: the configuration execute switches 
to the next configuration context This can be accomplished by advancing the FIFO write pointer with 
eveiy configuration execute, while leaving it unchanged after every preload. Unassigned IRAM FIFO 
entries keep their contents from the previous configuration* so every succeeding configuration will use 
the preceding configuration's IRAMx if no different IRAMx was preloaded. 

If none of the memory areas to be copied to IRAMs is in any cache, extending the FIFOs does not 
help, as the memory is die bottleneck. So the cache size should be adjusted together with the FIFO 
length. 

A drawback of extending the FIFO length is the increased likelihood that the IRAM content written by 
an earlier configuration is reused by a later one in another IRAM. A cache coherence protocol can 
clear the situation. Note however that the situation can be resolved more easily: If an overlap between 
any new IRAM area and a currently dirty IRAM contents of another IRAM bank is detected, the new 
IRAM is simply not loaded until the write back of the changed IRAM has finished. Thus the execution 
of the new configuration is delayed until the correct data is available. 

For a short (single entry) FIFO, an overlap is extremely unlikely, since the compiler will usually leave 
the output IRAM contents of the previous configuration in place for the next configuration to skip the 
preload. The compiler does so using a coalescing algorithm for the IRAMs / vector registers. 

Data Distribution 



The IRAMs are block-oriented structures, which can be read in any order by the PAE array. However, 
the address generation adds complexity, reducing the number of PAEs available for the actual 
computation. So it is best, if the IRAMs are accessed in linear order. The memory hierarchy is block 
oriented as well, further encouraging linear access patterns in the code to avoid cache misses. 

As the IRAM read ports limit the bandwidth between each IRAM and the PAE array to one word read 
per cycle, it can be beneficial to distribute the data over several IRAMs to remove this bottleneck. The 
top of the memory hierarchy is the source of the data, so the amount of cache misses never increases 
when the access pattern is. changed, as long .as the data locality is not destroy ed. 
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Many algorithms access memory in linear order by definition to utilize block reading and simple 
address calculations, in most other cases and in the cases where loop tiling is needed to increase the 
data bandwidth between the IRA Ms and the PAJE array, the code can be transformed in a way that data 
is accessed in optimal order. In many of the remaining cases, the compiler can modify the access 
pattern by data layout rearrangements, so that finally the data is accessed in the desired pattern. If none 
of these optimizations can be used because of dependencies, or because the data layout is fixed, there 
are still two possibilities to improve performance: 

Dab Duplication: 

Data is duplicated in several IRAMs. This circumvents the IRAM read port bottleneck, allowing 
several data items to be read from the input every cycle. 

Several options are possible with a common drawback: data duplication can only be applied to input 
data: output IRAMs obviously cannot have overlapping address ranges. 

q Using several IRAM preload commands specifying just different target IRAMs: 

This way cache misses occur only for the first preload. All other preloads will take place without 
cache misses - only the time to transfer the data from the top of the memory hierarchy to the 
IRAMs is needed for every additional load. This is only beneficial, if the cache misses plus the 
additional transfer times do not exceed the execution time for the configuration. 

o Using an IRAM preload instruction to load multiple IRAMs concurrently: 

As identical data is needed in several IRAMs, they can be loaded concurrently by writing the 
same values to all of them. This amounts to finding a clean IRAM instance for every target 
IRAM, connecting them ail to the bus and writing the data to the bus. 
The problem with this instruction is that it requires a bigger immediate field for the destination 
(16 bits instead of 4 for th e XPP 64). Accordingly this instruction- format grows at a higher rate, 
when the number of IRAMs is increased for bigger XPP arrays. 

The interface of this instruction looks like: 

XFPPreloadMultipIe (int IRAMS, void *5tartAddress, int Size) 

This instruction behaves as the XPPPreload / XPPPreloadClean instructions with the exception 
of the first parameter 

The first parameter is IRAMS. This is an immediate (constant) value. The value is a bitmap - for 
every bit in the bitmap, the IRAM with that number is a target for the load operation. 

There is no "clean" version, since data duplication is applicable for read data only. 

Data Reordering: 

Data reordering changes rhe access pattern to the data only. It does not change die amount of memory 
that in read. Thus the number of cache misses stays the same. 

o Adding additional functionality to the hardware: 



o Adding a vector stride to the preload instruction. 



A stride (displacement between two elements in memory) is used in vector load 
operations to load e.g.: a column of a matrix into a vector register. 



This is the most regular non-linear access pattern. It can be implemented in hardware 
by giving a stride to the preload instruction and adding the stride to the IRAM 
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identification state. One problem with this instruction is that the number of possible 
cache misses per IRAM load rises: In the worst case it can be one cache miss per 
loaded value, if the stride is equal to the cache tine size and all data is not in the cache. 
But as already stated: the total number of misses stays the same - just the distribution 
changes. Still this is an undesirable effect. 

The other problem is the complexity of the implementation and a possibly limited 
throughput, as the data paths between the layers of the memory hierarchy are 
optimized for block transfers. Transferring non-contiguous words will not. use wide 
busses in an optimal fashion. 

The interface of the instruction looks like: 

XPPPreloadStride (int IRAM, void *StartAddress, int Size, int Stride) 
XPPFreloadCleanStride (int IRAM, void *StartAddress, int Size, int Stride) 

This instruction behaves as the XPPPreioad / XPPPreloadClean instructions with the 
addition of another parameter 

The fourth parameter is the vector stride. This is an immediate (constant) value. It tells 
the cache controller, to load only eveiy n* value to the specified IRAM. 



o On the RISC: 

The RISC can copy data at a maximum rate of one word per cycle for simple address 
computations and at a somewhat lower rate for more complex ones. 

With a memory hierarchy, the sources will be read from memory (or cache, if they 
were used recently) once and written to the temporary copy, which will then reside in 
the cache, too. This increases the pressure in the memory hierarchy by the amount of 
memory used for the temporaries. Since temporaries are allocated on the stack 
memory, which is re-used frequently, the chances are good that the diny memory area 
is re-defined before it is written back to memory. Hence the write back operation to 
memory is of no concern. 

o Via an XPP configuration:* 

The PAE array can read and write one value from every IRAM per cycle. Thus if half 
of the IRAMs are used as inputs and half of the IRAMs are used as outputs, up to 
eight (or more, depending on the number of IRAMs) values can be reordered per 
cycle, using the PAE array for address generation. As the inputs and outputs reside in 
IRAMs, it does not matter, if the reordering is done before or after the configuration 
that uses the data - the IRAMs can be reused immediately. 



As described in the previous section, the size of the state is crucial for the efficiency of context 
switches. However, although, the size of the state is fixed for the XPP coxe, it depends on the 
declaration of the various state elements, whether they have to be saved or not 



o Reordering the data at run time, introducing temporary copies. 



2.3 State of the XPP Core 
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The state of the XPP core can be classified as 

1 Read only (instruction data) 

■ configuration data, consisting of PAE configuration and routing configuration data 

2 Read- Write 

* the contents of the data registers and latches of the PAEs, which are driven onto the busses 

■ the contents of the TRAM elements 



There are several possibilities to limit the amount of memory traffic during context switches. 

Do not save read-only data 

This avoids storing configuration data,- since configuration data is read only. The current configuration 
is simply overwritten by the new one. 

Save less data 

If a configuration is defined to be uninterruptible (non pre-emptive), all of the local state on the busses 
and in the PAEs can be declared as scratch. This means that every configuration gets its input data 
from the IRAMs and writes its output data to the IRAMs. So after the configuration has .finished all 
information in the PAEs and on the buses is redundant or invalid and does not have to be saved. 

Save modified data only 

To reduce the amount of R/W data, which has to be saved, we need to keep track of the modification 
state of the different entities. This incurs a silicon area penalty for the additional "dirty" bits. 

Use caching to reduce the memory traffic 

The configuration manager handles manual preloading of configurations. Preloading will help in 
parallelizing the memory transfers with other computations during the task switch. This cache can also 
reduce the memory traffic for frequent context switches, provided that a Least Recently Used (LRU) 
replacement strategy is implemented in addition to the preload mechanism. 

The IRAMs can be defined to be local cache copies of main memory. Then each IRAM is associated 
with a starting address and modification state information. The IRAM memory cells should also be 
replicated as for the SMT support. Then only the starting addresses of the IRAMs have to be saved and 
restored as context The starting addresses for the IRAMs of the current configuration select the IRAM 
instances with identical addresses to be used. 

If no address tag of an IRAM instance matches the address of the newly loaded context, the 
corresponding memory area is loaded to an empty IRAM instance. 

If no empty IRAM instance is available, a clean (unmodified) instance is declared empty (and hence 
must be reloaded later on). 

If no clean IRAM instance is available, a modified (dirty) instance is cleaned by writing its data back 
to main memory. This adds a certain delay for die write back. 

This delay can be avoided, if a separate state machine (cache controller) tries to clean inactive IRAM 
instances by using unused memory cycles to .write back the IRAM instances' contents. 



2.3.1 Limiting Memory Traffic 
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2.4 Context Switches 



Usually a processor is viewed as executing a single stream of instructions. But today's multi tasking 
operating systems support hundreds of tasks being executed on a single processor. This is achieved by 
switching contexts, where all, or at least the most relevant parts of the processor state, which belong to 
the current task - the task's context - is exchanged with the state of another task, that will be executed 
next, 

There are three types of context switches: switching of virtual processors with simultaneous 
multithreading (SMT, also known as HyperThreading), execution of an Interrupt Service Routine 
(ISR) and Task switch. 



This type of context switch is executed without software interaction, totally in hardware. Instructions 
of several instruction streams are merged into a single instruction stream to increase instruction level 
parallelism and improve functional unit utilization. Hence the processor state cannot be/stored to and 
reloaded from memory between instructions from different instruction streams: Imagine the worst case 
of alternating instructions from two streams and the hundreds to thousand of cycles needed to write the 
processor state to memory and read in another state. 

Hence hardware designers have to replicate the internal state for every virtual processor. Every 
instruction is executed within the context (on the state) of the virtual processor, whose program 
counter was used to fetch the instruction. By replicating die state, only the multiplexers, which have to 
be inserted to select one of the different states, have to be switched. 

Thus the size of the state also increases the silicon area needed to implement SMT, 50 the size of the 
state is crucial for many design decisions. 

For the design presented in the previous sections, the state is minimal, thus enabling efficient 
implementation of simultaneous multithreading. 



This type of context switch is handled partially by hardware and partially by software. All of the state 
modified by the ISR has to be saved on entry and must be restored on exit. 

The part of the state, which is destroyed by the jump to the ISR, is saved by hardware <e.g. PC). It is 
the ISR's responsibility to save and restore the state of all other resources, that are actually used within 
the ISR, 

The more state information to be saved, the slower the interrupt response time will be and the greater 
the performance impact will be if external events trigger interrupts at a high rate. 

The execution model of the instructions will also affect the tradeoff between short interrupt latencies 
and maximum throughput: Throughput is maximized if the instructions in the pipeline ate finished, 
and the instructions of the ISR are chained. This adversely affects the interrupt latency. If, however, 
the instructions are abandoned (pre-empted) in favor of a short interrupt latency, they must be fetched 
again later, which affects throughput. The third possibility would be to save the internal state of the 
instructions within the pipeline, but this requires too much hardware effort, so this is not done 
normally. 



2A1 SMT Virtual Processor Switch 
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2.4.2 Interrupt Service Routine 
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2 A3 Task Switch 

This type of context switch is executed totally in software. All of a task's context (state) has to be 
saved to memory, and the context of the new task has to be reloaded. Since tasks are usually allowed 
to use all of the processor's resources to achieve top performance, all of the processor state has to be 
saved and restored. If the amount of state is excessive, the rale of context switches roust be decreased 
by less frequent rescheduling, or a severe throughput degradation will result, as most of the time will 
be spent in saving and restoring task contexts. This in turn increases the response time for the tasks. 



2.5 Software / Hardware Interface 

According to the design parameter changes and the corresponding changes to<tfie hardware, the 
hardware / software interface has changed. In the following the most prominent changes and their 
handling will be discussed: • -«.,..... 

2.5.1 Explicit Cache 

The proposed cache is not a usual cache,, which would be — not considering performance issues — 
invisible to the programmer / compiler, as its operation is transparent. The proposed cache is an 
explicit cache. Its state has to be maintained by software. 

Cache Consistency & Pipelining of Preload / Configuration / Write back 

- The software is responsible for cache consistency. It is possible to have several IRAMs caching the 
same, or overlapping memory areas. As long as only one of the IRAMs is written, this is perfectly ok: 
Only this RAM will be dirty and will be written back to memory. If however more than one of the 
IRAMs is written^ it is not defined, which data will be written to memory. This is a software bug (non 
deterministic behavior). 

As the execution of the configuration is overlapped with the preloads and write backs of the IRAMs, it 
is possible to create preload / configuration sequences, that contain data hazards. As the cache 
controller and the XFP array can be seen as separate functional units, which are effectively pipelined,, 
these data hazards are equivalent to pipeline hazards of a normal instruction pipeline. As with any 
ordinary pipeline,, there are two possibilities to resolve this: 

• Hardware interlocking: 

Interlocking is done by the cache controller. If the cache controller detects, that the tag of a 
dirty or in-use item in IRAMx overlaps a memory area used for another IRAM preload, it has 
to stall that preload, effectively serializing the execution of the current configuration and the • 
preload. 

• Software interlocking: 

If the cache controller does not enforce interlocking, the code generator has to insert explicit 
synchronize instructions to take care of potential interlocks. Inter- procedural and inter- 
modular alias- and data- dependency analyses can .determine if this is the case, while 
scheduling algorithms help to alleviate the impact of the necessary synchronization 
instructions. 
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In either case, as well as in the case of pipeline stalls due to cache misses, SMT can use the 
computation power, that would be wasted otherwise. 

Code Generation for the Explicit Cache; 

Apart from the explicit synchronization instructions issued with software interlocking, the following 
instructions have to be issued by the compiler. 

• Configuration preload instructions, preceding the IRAM preload instructions, that will be used 
by that configuration. These should be scheduled as early as possible by the instruction 



• IRAM preload instructions, which, too, should be scheduled as early as possible by the 
instruction scheduler. 

• Configuration execute instructions, following the IRAM preload instructions for that 
configuration. These instructions should be scheduled between the estimated minimum and the 
estimated maximum of the cumulative latency of their preload instructions. 

Asynchronicity to Other Functional Units 

A configuration wait instruction followed by an instruction forcing a cache write back must be issued 
by the compiler, if an instruction of another functional unit (mainly the Ld/St unit) can access a 
memory area, that is potentially dirty or tn-use in an IRAM. This forces a synchronization of the 
instruction streams and the cache contents, avoiding data hazards. A thorough inter-procedural and 
inter-modular array alias analysis limits the frequency of these synchronization instructions to an 
acceptable level. 



scheduler. 
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3 Program Optimizations 



3.1 Code Analysis 

In this section we describe the analyses that can be perfonned on programs. These analyses are then 
used by different optimizations. They describe the relationships between data and memory locations in 
the program. More details can be found in several books [2,3,5]. 

3.1.1 Data-Flow Analysis 

Data-flow analysis examines the flow of scalar values through a program, to provide information 
about how the program manipulates its data. This information can be represented by dataflow 
equations that have the following general form for object/, that can be an instruction or a basic block, 
depending on the problem to solve: 

Ex{f\ =3 Ft ocf[fJ Y (/«[/] - Supp\(]) 

ft means mat data available at the end of the execution of object i, Exp], are either produced by /, 
Prodffl or were alive at the beginning of /, bifij, but were not deleted during the execution of 1, 
SuppftJ. 

These equations can be used to solve several problems like: 

■ the problem of reaching definitions, 

■ the Def-Use and Use-Def chains, describing respectively for a definition. aU uses that can be 
reached from it, and for a use all definitions that can reach h. 

• the available expressions at a point in the program, 

■ the live variables at a point in the program, 

whose solutions are men used by several compilation phases, analysis, or optimizations. 

As an example let us take the problem of computing the Def-Use chains of the variables of aprogram. 
This information can be used for instance by the data dependence analysis for scalar variables or by 
the register allocation. A Def-Use chain is associated to each definition of a variable and is the set of 
all visible uses from this definition. The data-flow equations presented above an? applied to the basic 
blocks to detect the variables mat are passed from one block to another along the control-flow graph. 
In the figure below, two definitions for variable x are produced: SI in Bl and S4 in B3. Hence the 
variable that can be found at the exit of Bl is Ex(Bl) ={x(Sl)) r and at the exit of B4 is Ex(B4)={x(S4)). 
Moreover we have Ex(B2)=£x(Bl) as no variable is defined in B2. Using these seta, we find that the 
uses of x in 52 and S3 depend on the definition of x in Bl, that the use of x in 55 depend on the 
definitions of x in Bl and B3. The Def-use chains associated with the definitions are then 
0(51) = {52,53,55} and £>(54) = {55} . 
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Figure 6:Control-flow graph qf a piece of program 



3.1.2 Data Dependence Analysis 

A data dependence graph represents the dependences existing between operations writing or reading 
Ae same data. This graph is used for optimizations like scheduling, or certain loop op^uations to 
test their semantic validity. The nodes of the graph represent the instructions, and the edges represent 
me data dependences. These dependences can be of three types: true (or flow) dep^dence when a 
variable is written before being read, anti-dependence when a variable is read before being written, 
and output dependence when a variable is written twice. Here is a more formal definition [3]. 

Definition 

Let S and S' be 2 statements, then S' depends on $, notedS 5 S' iff: 

(1) Sis executed before 5' 

(2) 3v6FAR:v 6 Z)EF(5)I VSE&) v ve USE(S)l DEF(S')w s DEF(S)l DEF(S') 

(3) There is no statement T such that S is executed before T and T is executed before S\ and 
v*DEF(X) 

Where VAR is the set of the variables of the program, DEF(S) is the set of the variables defined by 
instruction S, and USE(S) is the set of variables used by instruction S. . 

Moreover if the statements are in a loop, a dependence can be loop-independent or loop-carried. This 
notion introduces the definition of the distance of a dependence. When a dependence is loop- 
independent it means that it occurs between two instances of different statements in the same iteration, 
and then its distance is equal to 0. On the contrary when a dependence occurs between two instances m 
two different iterations the dependence is loop-carried, and the distance is equal to the difference 
between the iteration numbers of the two instances. 
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The notion of direction of dependence generalizes the notion of distance, and is generally "sed when 
ZSumm of a dependence is not constant,.*- cannot be computed wtf .precision. Hie di*cUon ^ofa 
diendence is given by <, if the dependence between S and S' occurs when the mstanceof S .s ni an 
Son before the iteration of the instance of*', = if the two instances are in the same iteration, and > 
if the instance of 5 is an iteration after the iteration of the instance of 5 . 

In the case of a loop nest, we have then distance and direction vector, with one element for each level 
of the loop nest The figures below illustrate all these definitions. The data dependence graph is used 
by a lot of optimizations, and is also useful to determine if their application is valid. For instance a 
loop can be vectorized if its data dependence graph does not contain any cycle. 



for(i=0; i<N; i=i+l) ( 
S: a[i] - b[i] + 1» 
Sis c[i] - a(i] + 2; 
> 



® 

T 5 l o 



Figure 7: Example of a true dependence with distance 0 on array a 

for (1=0; i<N; i=i«KL) { 
SI b[±] - c[±] + 2; 

T s a « 




Figure 8: Example of an anti-dependence with distance 0 an array b 

for(i=*0; i<N; ( 
S: a[i] - b[i] + 1; 
51: a[i] - e[l] + 2; 




® 



Figure 9: Example of an output dependence with distance 0 on array a 
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for (j~O r -j<-N;j++) 
for(l=0;i<=:N;i++) 
{ 

51:" .c(i] [j] . 0; * 

for (k=*0; fc<»N; k++) 
S2: c(i][jj « c[ij[j] + a[ink]*b[kHjl; 



Figure i 0: Example of a dependence with direction vectorfa =J 
between SI and S2 and a dependence with direction vector (H =, <) 
between S2 and S2. 

for ( i=G ; i<«N ; i++ ) 
for(j=0; j<=N; 

aUJCj] - a[i][j+2] + btu, 

5*(0,2) 





Figure i I: Example of cm anti-dependence with distance vector (0,2). 



3.1.3 Interprocedural Alias Analysis 

Hie aim of alias analysis is to determine if a memory location is aliased by several objects, like 
variables or arrays, in a program. It has a strong impact on data dependence analysis and on the 
application of code optimizations. Aliases can occur with statically allocated data, tike unions in C 
where all fields refer to the same memory area, or with dynamically allocated data, which are the usual 
targets of the analysis. In Figuie 12, we have atypical case of aliasing where p alias b. 

int btl00] r *p; 

£or(p=b;p «; &b [100] ;p++) 
*F=0,- 



Figuret I2i Example for typical aliasing 

Alias analysis can be more or less precise depending on whether or not it takes the control-flow into 
account. When it does, it is called flow-sensitive, and when it does not it is called flow-insensitive 
Flow-sensitive alias analysis is able to detect h\ which blocks along a path two objects are aliased As* 
it is more precise, it is more complicated and more expensive to compute. Usually flow-insensitive 
T^'TfT is , suf S cient ™ s asP** *» illustrated inFigure 13 where a flow-insensitive analysis 
* u ?L P bUt ***** a flov '- sensitive analysis would be able to find thatyj alias b only 

Furwermore aliases are classified into must-aliases and may-aliases. For instance, if we consider flow- 
insensitive may-alias information, then* alias y, iff* and y may, possibly at different times, refer to 
the same memory location. And if we consider flow-insensitive raust-alias information^ alias y, iff* 
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and v must, throughout the execution of a procedure, refer to the same storage location. In the case of 
Figure 13, if we consider flow-insensitive may-alias information, p alias b *^ ™ 
consider flow-insensitive must-alias mfbrmation^ alias b does not hold. The kind of information to 
use depends on the problem to solve. For instance, if we want to remove redundant expressions or 
statements, must-aliases must he used, whereas if we want to build a data dependence graph may- 
aliases are necessary. 




B2 *p:=b: 




B3 


< uses ofb andp> 




♦p = mollocO; 


*p <=mai]oc0: 




<uses ofb andp> 




Figure 13: Example of control-flow sensitivity 

Finally this analysis must be interprocedural to be able to detect aliases caused by non-local variables 
and parameter passing. Hie latter case is depicted in Figure 14 where / andy are aliased through the 
function call where k is passed twice as parameter. 

void foo(int *i,int* j) 
{ 

) 

£oo(&k, ak); 



Figure 14: Example for aliasing by parameter passing 



3.1.4 Interprocedural Value Range Analysis 

This analysis can find the range of values taken by the variables. It can help to apply optimizations like 
dead code elimination, loop unrolling and others. For this purpose it can use information on the types 
of variables and then consider operations applied on these variables during the execution of the 
program. Thus it can determine for instance if tests in conditional instruction are likely to be met or 
not, or determine the iteration zange of loop nests. 

This analysis has to be interprocedural as for instance loop bounds can be passed as parameters of a 
function, like in the following example. We know by analyzing the code that in the loop executed with 
array a, N is at least equal to 1 1, and that in the loop executed with array b 7 N is at most equal to 10. 
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void foo<int *c r xnt N) 
{ 

int i; 

for (1=0 ? i<N; 
c[±] - g<±,2>; 



if (N > 10) 

foo(a,N); 
else 

foo(b,N); 

Thc value rang© analysis can be supported by the programmer by giving farther value constraints 
which cannot be retrieved from the language semantics. This can be done by pragmas or a compiler 
known assert function. 



3.1 .5 Alignment Analysis 

Alignment analysis deals with data layout for distributed memory architectures. As stated by Sam an 
Amarasinghe: "Although data memory is logically a linear array of cells, hs realization in hardware 
can be viewed as a multi-dimensional array. Given a dimension in this array, alignment analysis will 
identify memory locations that always resolve to a single value in that dimension. For example, if the 
dimension of interest is memory banks, alignment analysis will identity if a memory reference always 
accesses the same bank**. This is the case in the second part of the figure below, that can be found in 
[10], where all accesses, depicted in blue, occur to the same memory bank, whereas in the first part, 
the accesses are not aligned. He adds then that: ''Alignment information is useful in a variety of 
compiler-controlled memory optimizations leading to improvements in programmability, performance, 
and energy consumption." 
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Alignment analysis, for instance, is able to help find a good distribution scheme of the data and is 
furthermore useful for automatic data distribution tools. An automatic alignment analysis tool can be 
able to automatically generate alignment proposals for the arrays accessed in a procedure and thus 
simplifies the data distribution problem. This can be extended with an interprocedunii analysis taking 
into account dynamic realignment. 
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r^TTf?^ ^ ^ be " Sed to , apply Io °P ^gnment transforms the code directly rather 
than the data layout in itself as shown later. Another solution can be used for the PACT XPP relyine 
on the feet that it can handle aligned code very efficiemly. It consists in adding a conditional 
.nstructoon testing rf the accesses in the loop body are aligned followed by the necessary nZXeTof 

Sl ?^:? J° P b0dy :^ *M«** »°°P body, and then some contpensan^de 
Only the aligned code is then executed by the PACT XPP, the lest is executed by the host processor If 
die ahgn^ent analysts is more precise (inter-procedural or inter-modular) less Conditional code has' to 



3.2 Code Optimizations 

Most of the optimizations and transformations presented here can be found in detail in [4], and also in 

32.1 General Transformations 

We present in this section a few general optimizations that can be applied to straightforward code and 

Constant Propagation 

be done dunng the execution, this part of me optimization is also kLwn ascSatfoSfng 

J " f? 6 '' for (1=0; i<= 2SS; i++) 

for^O;! <= N ;i ++ , ^ = b[iJ + 3 ' 

afi] - b(i] + C ; 

Figure 15: Example of constant propagation 

Copy Propagation 

This optimization simplifies the code by removing redundant copies of the same variable in the cade 

atr) - b[rj * a t i] ; * It3 b[t] + a[l]; 

Figure 1 6: Example of copy propagation 

Dead Code Elimination 

^hS? 00 ^ 0 ? piCCeS ° f CO<te wiU never be ^ecutedi Code is never executed if it is in 

£nn £S l^^T 1 S ^ lement whose « always evaluated to truVor foteTor if 11* 

loop body, whose number of iterations is always equal to 0 ' w ,f lt 15 a 



z* 



/ — ; x .nn /m'/nnno ic. m 
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Code updating variables, that are never used, is also useless and can be removed as well. If a variable 
is never used, then the code updating it and its declaration can also be eliminated. 

for (i=0;i* <;« N;i++) { for(i=0;i <= { 

for(j=0; j<0;j++) f Pr ( j=0; j<10; 

a£j] -bfj] ♦ a[i],- a[j+U - a[j) + 

for(j-0;j<10;j++) } 
a[j+lj - a[j] + b[j]; 

> 

Figure I 7: Example of dead code elimination 

Forward Substitution 

This optimization is a generalization of copy propagation. The use of a variable is replaced by its 
defining expression. It can be used for simplifying the data dependency analysis and the application of 
other transformations by making the use of loop variables visible. 

c m n + 1, . £or(i=0; i<= N; 

for(i=0;i <» Nfi++) a[N+l] « b[N+l] + a(ij; 

a[cj « b[c) + a[i] ; 

Figure 18: Example of forward substitution 

Idiom Recognition 

This transformation recognizes pieces of code and can replace them by calls to compiler known 
functions, or less expensive code sequences, like code for absolute value computation. 

for(i=0; i<N; i++) { for(i=0; i<N; { 
c = a[ij - b[i)/ c =■ a[ij - b[i); 

if (c<0> c ■ abs(c); 

c - -c; d[i] =1 c; 

d[i] = c; } 

) 

Figure 19: Example of idiom recognition- 

3.2.2 Loop Transformations 

Loop Normalization 

This transformation ensures that the iteration space of the loop is always with a lower bound equal to 0 
or 1 (depending on the input language), and w«h a step of 1. The array subscript expressions and the 
bounds of the loops are modified accordingly. It can be used before loop fusion to find opportunities 
and ease inter-loop dependence analysis, and it also enables the use of dependence tests that needs 
normalized loop to be applied. 

for(.i=2; i<Wp i=±+2) for(i=0; i<(N-2)/2; 

a[i] - bUl; a[2*i+2] = b[2*i+2J; 

Figure 20: Example of loop normalization 
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Loop Reversal 



This transformation changes the direction in which the iteration space of a loop is scanned. It is usually 
used in conjunction with loop normalization and other transformations, like loop interchange, because 
ft changes me dependence vectors. 

for(i=N; i>=.0; i— ) for(i=-0; i<=N; i++) 

a[i] = b[i]; a[i] =bti]; 

Figure 21: Example of loop reversal 

Strength Reduction 

This transformation replaces expressions in the loop body by equivalent but less expensive ones Ttcan 
be used on induction variables, other than the loop variable, to be able to eliminate them. 

forCi=0; 1<N; t = C; 

a[±] = bti] + c*i,-. for(i=0.- i<W; i-M>) { 

ati] - b[i] + t; 
t = t + c; 

> 

Figure 22: Example of strength reduction 

Induction Variable Elimination 

This transformation can use strength reduction to remove induction variables from a loop, hence 
reducmg the number of computations and easing the analysis of the loop. This also removes 
dependence cycles due to the update of the variable, enabling vectorization. removes 

- fOr(i=0; i<=N; i++) { for(i=0; i<=N,- { 

} 

k « k +(N+l)*3f 
Figure 23: Example of induction variable elimination 

Loop-Invariant Code Motion 

fT«5 T number of ««nP«tations in the loop body. This optimSrtoncan abc .be 

forti-0; i<N? i++) if {N >= 0 , 

a[i) . b[ij + c . x * y . 

foir(i=0; i<N^ 

aCiJ = + C ; 

Figure 24: Example of loop-invariant code morion 
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Loop Unswitching 

This, transformation moves a conditional instruction outside of a loop body if its condition is loop- 
invariant. The branches of the condition are then made of the original loop with the appropriate 
original statements of the conditional statement It allows further parallelization of the loop by 
removing control-flow in die loop body and also removing unnecessary computations from it. 
for (1=0/ i<N; { ±£ U > 2) 

a[i] = b[i] + 3; for(i=0; i<N,-' i++) { 

if < x > 2 ) a[i] = btiJ + 3; 

b[i] - c [ij + 2; b[i] = cCiJ + 2; 

else j 
b[i} = o[i] - 2/ else 
* for(i=0; i<N; i++) { 

a[ij = b[i] + 3; 
b[i] m C [i] - 2/ 

) 

.Figure 25: Example of loop unswitching 



If-Conversion 

pis taansfbnnation is applied on loop bodies with conditional instructions. It changes control 
dependences into data dependences and allows then vectorization to take place. It can be used in 
conjunction with loop unswitching to handle loop bodies with several basic blocks. The conditions 
where array expressions could appear, are replaced by boolean tenns called guards. Processors with 
predicated execution support can execute directly such code. 

ford = 0;i < N; i++) { for(i = 0,-i < N;i++) { 

arij = a[i] + b[i); • a(i] - a[ "ij + b [i] ; 

xf (a[I] != 0) c2 . , a[1J , = 0)> 

if (a[iO > c[i]) .if < c2J c4 = ta[1] > c[1J) . 

a[i] = a[i] - 2; if ( c2 s& c4) a[i] - a[i] - 2; 

if (c2 && !c4) a[i] * a(i] + 1; 



else 



} 



d[i] = a[i] * 2; y 



Figure 26: Example of '^conversion 

Strip-Mining 

This transformation enables to adjust the granularity of an operation. It is commonly used to choose 
the number of independent computations in the inner loop nest. When the iteration count is not known 
at compile tune, it can be used to generate a fixed iteration count inner loop satisfying the resource 
constraints. It can be used in conjunction with other transformations like loop distribution or loop 
interchange. It is also called loop sectioning. Cycle shrinking, also called stripping, is a specialization 



for(i=0; ±<N; 

ati] = b[i] + c; 



up = (N/16) *16; 

for(i=0; imp; i = i + 16) 

ali:l+l6] _ b[iri+16J + c; 
for( 3=1+1; j<N; ' 

a(i] - b[i] + c; 



Figure 27: Example of strip-mining 
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Loop Tiling 

This transformation modifies the iteration space of a loop nest by introducing loop levels to divide the 
iteration space in tiles. It is a multi-dimensional generalization of strip-mining. It is generally used to 
improve memory reuse, but can also improve processor, register, TLB, or page locality. It is also 
called loop blocking. 

The size of the tiles of the iteration space is chosen so that the data needed in each tile fit in the cache 
memory thus reducing the cache misses. In the case of coarse-grain computers, the size of the tiles can 
also be chosen so that the number of parallel operations of the loop body fit the number of processors 
. of the computer. r 

for(i=0; i<N; i++) £or(ii=0; ii<N; ii = ii+16) 

for(j=0,- 3 <N; j++) for(jj=0; jj<l9; jj - jj+16) 

a[i][jj =b[5][ij; for(i=ii,- i< min (ii+15, N) ; i++) 

for(j=jj; j< min(jj-H5,N>; j++) 
a[i] [j] - b[j] [i]; 

Figure 28: Example of loop tiling 

Loop Interchange 

This tansfonnation k applied to a loop nest to move inside or outside (depending on the searched 
effect) the loop level containing data dependences. It can: ' * 

- enable vectorization by moving inside an independent loop and outside a dependent loop, or 

- improve vectorization by moving inside the independent loop with the largest range, or * 

■ deduce the stride, or 

■ increase the number of loop-invariant expressions in the inner-loop, or 

" ^^H^ leI f!*™ 31 ^ b Y "Y^ng an independent loop outside of a loop nest to increase the 
granularity of each iteration and reduce the number of barrier synchronizations. 

• for (1=0; i<N; i++ , fcr(j=0; j< N ; 

fcr(j=0;j<N; for(i4; i<ii; i++, 

a[i] - a £ i] +b[ij[jj ; a[i} = a [ij +b[i][j); 

Figure 29: Example of loop Interchange . 

Loop Coalescing / Collapsing 

wdZ^~ZV mhiaeS Z 'TW *!° a . Si08le Io °P- lt csUl ^P™^ * e scheduling of the loop, 
and also reduces the loop overhead. Collapsing is a simpler version of coalescing in which the number 
of dimensions of arrays is reduced as well. Collapsing reduces the overhead of nested loops SES§? 
JSrZ^^° U T a ? Ca ° b ? appHed to Io °P nests * at iterate °™ memory wm» a constant 

tac^S^Sn^r^. 18 4 b6tter ^ aCh ' * <** be to make vectorizing profitable by 
increasing the iteration range of the innermost loop. 

^w'"r M; ^ • 1 - C(k-l)/m)*m i i, 

■ aCi)[ 3 J = a[i][jj + C ; j . ((T-l)%m) + X; 

a[i] [jj o a[i] [j) + C ; 

1 

Figure 30: Example of loop coalescing 
32 



02-JUL-2003 16: 12 



,-flNtd. P. PIETRUK +49 721 469308 S.38 
Fehterf Unbekanntes Schalteramument ExocuttvG Summary j 



Loop Fusion 

This transformation, also called loop jamming, merges 2 successive loops. It reduces loop overhead, 
increases instruction-level parallelism, improves register, cache, TLB or page locality, and improves 
the load balance of parallel loops. Alignment can be taken into account by introducing conditional 
instructions to take care of dependences. 



for(i=0; i<N; 

a[i] = b[i] + c; 

for(i=0; i<N; 

= e[i] + c; 



fpr(i=0; i<N; i++) { 
a£i] - b[ij + c; 
= + c; 

) 



Figure SI; Example of loop fusion 

Loop Distribution 

This transformation, also called loop fission, allows to split a loop in several pieces in case the loop 
body is too big, or because of dependences. The iteration space of the new loops is the same as the 
iteration space of the original loop. Loop spreading is a more sophisticated distribution. 



for(i=0; 
} 



i<N; { 
=> b[i] * + c; 
« efi] + c; 



£or(i=0; i<N; ±++) 
a[i] - b[i) + c; 

for (i=0,-i<;N; 



Figure 32: Example of loop distribution 

Loop Unrolling / Unroll-and-Jam 

This transformation replicates the original loop body in order to get a larger one. A loop can be 
unrolled partially or completely. It is used to get more opportunity for paraUelization by making the 
loop body bigger, it also improves register, or cache usage and reduces loop overhead. Loop unrolling 
the outer loop followed by merging the induced inner loops is referred to as unroil-and-jam 



for {i=0; 



i<N; i++) 
- b[i) + c 



for(i~0; i<N; i o i+2) { 
a[i] *» b[i] + c; 
a[i+l] a b(i+l] + c; 

} 

if C(N-1)%2) = 1) 

a[N-l] « b[N-l) + c; 



Figure 33: Example of loop unrolling 



Loop Alignment 

This optimization transforms the code to get aligned array accesses in the loop body. Its effect it to 
transfonn loop-carried dependences into loop-independent dependences, which allows to extract more 
parallelism from a loop. It can use different transformations, like loop peeling or introduce conditional 
statements, to achieve its goal. This transformation can be used in conjunction with loop fusion to 
enable this optimization by aligning the array accesses in both loop nests. In the example below all 
accesses to array a become aligned. 
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for (1=2; 1 <= N;i++) { for (1=1; i<=N; i++) ( 

a(ij - b[i] + c[i]; if <i>ij a( i] . b [i] + C [i]; 

<J[iJ - a[i-l] * 2; if (i<N) dCi+1] = a£ij * 2; 

^ eli] = a[i-l] + dti+1]; ^ if (i<N) e[i+lj - a(i] + d[i+2]; 

Figure 34: Example of loop alignment 

Loop Skewing 

This transformation is used to enable panUlelization of a loop nest It is useful in combination with 
loop interchange. | t is performed by adding the outer loop index multiplied by a skew factor f to the 

%£££SL W 18 ' " d 5Ubtracting *• same *° L every ^ ^ 

for (1-1; i <» N; i++) for{i=l; i <= N; i+'+j 

«or(j-l,3 <■ N; j++) for (3=1+1; j <= i+N; j++ , 

Figure 35: Example of loop skewing 

Loop Peeling 

™s ^formation removes a small number of beginning or ending iterations of a loop to avoid 

a[i]£N] = atO](N] + a[N][NJ; 
a(N][N] =a[0][N] +a[NJ[N]; 

Figure 36: Example of loop peeling 

Loop Splitting 

ml^%^° n CU ? .** **** m pieoeB b * "^n* «*w loop nests. It is also called 

tadex Set Sphttma, and is generally used because of dependences that prevent paraUelbation The 

for (1-0- ±<=N; i ++ ) for(i=0;i<CN+l)/2; i ++ , 

a[i] - a[N-i+l]. + c; a (i] « atN-i^j + l t 

for(i= (N+l)/2;i <= N;i++) 
a[l] = a[N-i+ij + C ; 

Figure 37: Example of loop splitting 

Node Splitting 

SenSf SpUt \ a Statement m P ieces - « * ««ed to break dependence cycles in the 
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for(i=0;i < N;i++) { for(i = 0,i < N;i++) { 

b[i] = a[i] + c[i] * d[i] ; tl[i] = cti] * d[i] 

a[i+l] = b[i] *. (d[i] - c(ij),- t2[ij = d[ij - c[i], 

J - a[i] + tl[ij ( 

a[i+l] - b[i] * fc2[±]; 

> 



Figure 38: Example of node splitting 



Scalar Expansion 



This transformation replaces a scalar in a loop by an array to eliminate dependences in the loop body 
and enable parallelization of the loop nest If the scalar is used after the loop, compensation code must 
be added. 

forti-O; i< N; i++){ for(i=0;i<N; { 

c = b[i],- tmpti] = b[i]; 

a[i] « a[ij + c; a[ij « a[i] + cmpfi]; 

> ' * > 

c = tmp[N-ll ; 

Figure 39: Example of scalar expansion 

Array Contraction I Array Shrinking 

This transformation is the reverse transformation of scalar expansion. It may be needed if scalar 
expansion generates too many memory requirements. 

for{i=0; i<N;i++) for(i=0; i<N;i-M-) 

for(j=0; j<N;j++>.{ for(j=0; j<N;j++) { 

t[i] [J]. - a[±] [j] * 3; - a[i] [j] * 3; 

b[i] TjJ - t[i) [j] + c[j]; b[ij [jj « t[j] + c[j] 

> > 

Figure 40: Example of array contraction 

Scalar Replacement 

This transformation replaces an invariant array reference in a loop by a scalar. This array element is 
loaded in a scalar before the inner loop and stored again after the inner loop, if it is modified. It can be 
used in conjunction with loop interchange. 

.for(i=0,- i<N f - i++> for(i«0;i<N;" i++) [ 

for(j=»0; j<N/j++) trap « a (ij; 

a[i] « a[i) + b[i][j]; for(j=0; j<N;j++) 

trap = tmp + b[i] 
a[i] « tmp; 

> 

Figure 41: Example of scalar replacement 

Reduction Recognition 

This transformation allows to handle reductions in loops. A reduction is an operation that computes a 
scalar value from arrays. It can be a dot product, the sum or minimum of a vector for instance. The 
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register of partaJ resulte and then reduce it to a scalar with a sequential loop. Maximum parallelism fe 

£et«^^ 

for(i=0; i<N/i++) for(i*0; i<N; i=i+64) 

s = s + a[i); tmp[0:63] = tmp[0:63] + afi.-i+63]; 

for(i=0; ±<64 ,-!++) 
S - s + tmp[ij ,- 

Figure 42: Example of reduction recognition 

Loop Pushing / Loop Embedding 

This transformation replaces a call in a loop body by the loop in the called function It is an inter 

ProCe i^, Optnni2 !f 0n - 11 a " 0WS * e P^» e ^'on of the loop nest ^elnnSes me o^ernld 
caused by the procedure call. Loop distribution can be used in conjunction with lo^p^pSung. 

for(i=0; i<N; ' tZlx) 

w . . .". ^ . void f 2 lint* a) { 

voxd f lnt * a xnt j) ( . for(i=0; i< N; - 

abJ = a tj] + cr a[i] . a[i] 

} > 

Figure 43: Example of loop pushing 

Procedure Inlining 

This transfonnation replaces a call to a procedure bv the code nfrh» m™*,., w - 

fo*(i=0; i<N; i++ ) . fcr(i=0 ; i< N? i++ , 

f(a ' 1) ' ati] - «[±j + c,- 

void flint* x, int j) < 
sstj] = + C ; 

/Vgurc Example of procedure inlining 

Statement Reordering 

^We^ f S^ ChedUle5 tatn,Cl ^' ° f *» ,0 ° P bt>dy * ™ di * * e dependence graph and 
£or(i=0,-i < N;i++) { for(i=0; i<J>; i ++ ) ( 

j CU] a ti-H ~ 4-- ^ atij = b[il * 2; 

Figure 45: Example of statement reordering 
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Software Pipelining 



This transformation parallelizes a loop body by scheduling 'instructions of different instances of the 
loop body. It is a powerful optimization to improve instruction-level parallelism. It can be used in 
conjunction with loop unrolling. In the example below, the preload commands can be issued one after 
another, each taking only one cycle. This time is just enough to request the memory areas. It ts not 
enough to actually load them. This takes many cycles, depending on the cache level that actually has 
the data. Execution of a configuration behaves similarly. The configuration is issued in a single cycle, 
waiting until all data are present. Then the configuration executes for many cycles. 
Software pipelining overlaps the execution of a configuration with the preloads for the next 
configuration. This way, the XPP array can be kept busy in parallel to the Load/Store unit. 

Issue Cycle Command 

XFFPreloadConfig(CFGl) ; 
for (i=0; KlOO; ++i) { 
XPPPreload(2,a+10*i,10) ; 
XPPFrelpad(5,b+20*i,20) ; 



// delay 

XPPExecut^ { CFG1 ) ; 



Issue Cycle Command 

Prologue XPPPreloadConf ig(CFGl) . 
XFPPreload(2,a, 10) ; 
XPFPreload(5,b,20) ; 
// delay 

for (1=1/ i<;100; ++i) { 
Kernel 1 ; XPFExecute (CFGl) ; 

2 : ■ XFFPreload (2, a+10*i, 10) ; 
3: XPPPreload(5,b+20*i,20) ; 
4: } 

XPFExecute (CFG1) 
Epilog // delay 

Figure 46: Example of software pipelining 

Vector Statement Generation 

This transformation replaces instructions by vector instructions that can perform an operation on 
several data in parallel. 

for(i«0? i<=*N; i++) a[0:N] - b[0:H]; 

- a[i] — 

Figure 47: Example of vector statement generation 

3.2.3 Data-Layout Optimizations 

In the following we describe optimizations that modify the data layout in memory in order to extract 
more parallelism or prevent memory problems like cache misses. 
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Scalar Privatization 

This optimization is used in multi-processor systems to increase the amount of parallelism and avoid 
unnecessary communications between the processing elements. If a scalar is only used like a 
temporary variable in a loop body, then each processing element can receive a copy of it and achieve 
its computations with this private copy. 

for(i=0;i <= N;i++) { 
«= - bti]/ 
. - a[lj + c; 

) 

Figure 48: Example/or scalar privatization 

Array Privatization 

This optimization is the same as scalar privatization except mat it works on arrays rather than on 



Array Merging 

tTIl i9 «,? t 5 ,iZati0n transfo T? ls * e data la y° ut of arrays by merging the data of several arrays following 
ft e way they are accessed n> a loop nest This way, memory cache misses can be avoided. Tn "3 

Lt^71J^ hB ^ST fo l ea * ,0 ° P aeSt Bel ° W * * e exaOT P le of a ^-filter, where me 
^n^f U^Z" T T tT^ W f ^ CeSses to b - ™ e Picture next to it represents the data 
f J"* f? ys ^re blocks of a (in green) are merged with blocks of 6 (in yeHow). Unused 

SrfTnt^r" m , f" ^ m l sses m avoided 35 ^ blocks containing arrays « and b are 
loaded into me cache when getting data from memory. More details can be found in[l 1] 

f or ( j =1 ; j <=N-1 ; i++ ) 

for(j=l;j<=N;j++) 

b[i][jl = 0.25*(a[i-l] [j] + a[i] [j-l] + 
aU+UtfJ + a[i][j + l)). _ 

Figure 49: Example for array merging 



3.2.4 Example of application of the optimizations 

^SUS^ '? °. f . 0ptin,,2ati0ns can be Permed on loops before and also after generation of 
vector statements. Finding a sequence of optimizations that would produce an optimal solution for aU 
inXTn >F?¥T " m m ^ ° fresearc h. Therefore we can only propose a way to Aese 
SI wf° nS ** * "Tn 8 a r SOn ? ,e tauri " iB to P roduce vectorizable loop nests. To^ecStne 
tefe ' T 2! ^ Allen ' Keimed y algorithm that uses statement reordering and loop distribution 
before vector statements ate generated. It can be enhanced with loop interchange scalar eSanston 

j?f ^Ph- A statement can be vectorized if it is not part of a dependence cycle hence 

di *K de ^ h ° le P^f 55 in foW ma j 0fS ^P 5 - Firet we ^ould restructure the procedures by 
22?** « Pro ^ dUre ^ inSide * e lo ° P b0dies to reniov o them. TheTsom^ wEfaiZ 

2? ^ST"" ai T, appH ^ to me ,00p bodies w raodi ^ control-flow andTtaX «* 
code. The th„d step would consist in preparing the loop nests for vectorfcation bybuSg perfect 
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loop nests and ensuring that inner loop levels are vectorizable. Then optimizations can be performed 
that target the architecture and optimize the data locality. It should also be noted that , other 
optimizations and code transformations can occur between these different steps that can also help to 
further optimize the loop nests. * 

Hence the fiist step applies procedure iolining and loop pushing to remove the procedure calls of the 
loop bodies. Then the second step consists of loop-invariant code motion, loop unswitching, strength 
reduction and idiom recognition. The third step can be divided in several subsets of optimizations. We 
can first apply loop reversal, loop normalization and if-con vers ion to get normalized loop nests. This 
allows to build the data dependency graph. Then if dependences prevent the loop nest to be vectorized 
transformations can be applied. For instance if dependences occur only on certain iterations, loop 
peeling or loop splitting can be applied. Node splitting, loop skewing, scalar expansion or statement 
reordering can be applied in other cases. Then loop interchange moves inwards the loop levels without 
dependence cycles. The goal is to have perfectly nested loops with the loop levels carrying dependence 
cycles as much outwards as possible. Then we can apply loop fusion, reduction recognition, scalar 
replacement/array contraction and loop distribution to further improve the following vectorization. 
Vector statement generation can be performed at last using the Allen-Kennedy algorithm for instance. 
The last step can consist of optimizations like loop tiling, strip-mining, loop, unrolling and software 
pipelining that take into account the target processor. 

Hie number of optimizations in the third step is large, but not all of them are applied to each loop nest. 
Following the goal of the vectorization and the data dependence graph only some of them are applied. 
Heuristics are used to guide the application of the optimizations, that can be applied several times if 
needed. Let us illustrate this with an example. 

void f Cint** a, int** b, int *c r int i, int j) { 
^ a[i][j] = a[i][j-lj - b[i+l] [j-l]; . 

void g(int* a, int* c,int i) { 
a[±] « c[i] +' 2; 

1 

» 

f©r(i«0,- i<N;i++) { 
for(j=l; 3<9;j«j++) 
if (k>0) 

f(a,b,i,j); 
else 

g(d, c r j); 

> 

dfi] = cUi+l] + 2; 

> 



for(i=0; i<N;i++) 

a[i] [i] - + 3; 

The first step will find that Mining the two procedure calls is possible, then loop unswitching can be 
applied to remove the conditional instruction of the loop body. The second step begins by applying 
loop noimalization and analyses the data dependence graph. A cycle can be broken by applying loop 
interchange as it is only canied by the second level. Hie two levels are exchanged, so that the inner 
level is vectorizable. Before that or also after, we apply loop distribution. Loop fusion can be applied 
when the loop on i is pulled out of the conditional instruction by a traditional redundant code 
elimination optimization. Finally vector code can be generated for the resulting loops. 

So in more details, after procedure inlining, we obtain: 
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for(i~Q; i<N;i++) { 
for(j«l; j<9; 
if (k>0) 



adHj] - a[i][j-l] - b[i+i] [j-l]; 
else 

^ d[j] - cljj 4- 2; 
d[i] - d[i+l] + 2; 



a[IJ [i] m b[i] + 3; 

After loop unswitching, we obtain: 

if (k > 0) 

for(i=0; i<N;i++) { 

for(j~l,- j<9;j=j++) 

a[i][j] =a[i]tj-l] - b[ a i+l]'fj-l]/ 
*t±] * d[i+l] + 2; ' 

> 

else 

for(i«0; i<N;i++) { 

for (j=l; j<9;j-j++) 

dtfj = c[j] + 2; 
d[ij - d[t+l] + 2; 

} 

for(i»0; x<N;i+-h) 

a[i) [i] = b[i] + 3,- 

Afterloop normalization, we obtain: ' 

if (k > 0) 

for(i»0j i<N;i++) { 

for (3=0; j^8;j=;j++) 

a[i][j+l] -a[ij[jj -b[i+l][j]; 
. . d[i) « d[i+l] + 2; 

else 

for(i»0; i<N;i++) { 

for(j=0; j<8;j=3++) 

d[j] « c[j+l] + 2; 
^ d[ij « d[i+l] 4- 2,- 

for(i=0; i<N;i++> 

a[i) [i) - b[x] + 3; 

After loop distribution and loop fusion, we obtain: 

if (k > 0) 

for(i=0; i<N;i++) 

for(3«0; j<c8/]=j++)L 
else a f A) fj+l] « a(ij[jj -b[i+l][j] ; 

for(i=0; i<N;i++) 

for(j=0; j<8;3=3 ++ ) 

dCj] = c[j+l] + zi 

f©r(i=0; i<N;i++) { 

d(i] - d[i+l) + 2; 
^ a[i] [i] « b[i] + 3; 
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After loop interchange, we obtain: 

if (k > 0) 

for(j=0; j<8;j=j++) 
far(i=0; i<N;i++) 

a[ij[j+l] « a[±][j] - b(i+lj[j}; 

else 

for(i»0; i<N;i++) 

fcr{j«0; j<8;j=j-H-) 

dUJ - c[j+l] + 2; 

for{i=Q; i<N;i++) { 

dti] - dti+1] + 2; * 
a[i] [i] = b[i] + 3? 

} 

After vector code generation, we obtain 

if (k > 0) 

fOr(j=0; j<8;j=3++) 

a[0:N-l] [j+D -a[0:N-lJ [j] -b[0:N][j]; 

else 

for{i=0; i<N;i++) 

dr0:8] - c[l:9] _ + 2; 

d[0:N-l] = d[l:NJ + 2; 
a[0:N-l] [0:N-1] = b[0:N] + 3; 
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4 Compiler Specification for the 
PACT XPP 



4.1 Introduction 



4.2 Compiler Structure 

other ips ■u-VSy d.sS.dL «*»» *<>cib on the XPP compiler Itself, but first the 
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Code Preparation 



Partitioning 



XPP Compiler 



RISC Code Gen. 



RISC Code Sched. 



Figure 59: Global View of the Compiling Process 



4.2.1 Code Preparation 

This step takes the whole program as input and can be considered as a usual compiler front-end. It will 
prepare the code by applying code analysis and optimizations to enable the compiler to extract as 
many loop nests as possible to be executed by the PACT XPP. Important optimizations are idiom 
recognition, copy propagation, dead code elimination, and all usual analysis like dataflow and alias 
analysis. * 



422 Partitioning 

Partitioning decides which part of the program is executed by the host processor and which part is 
executed by the PACT XPP. 

A loop nest is executed by the host in three cases: 

■ if the loop nest is not well-formed, 

■ if the number of operations to execute is not worth it to be executed on the PACT XPP, or 

■ if it is impossible to get a mapping of the loop nest on the PACT XPP. 

A loop nest is said to be well-formed if the loop bounds and the step of all loops are constant, the loop 
induction variables are known and if there is only one entry and one exit to the loop nest. 

'Another problem arises with loop nests where the loop bounds are constant but unknown at compile 
time. Loop tiling allows to overcome this problem, it will be described below. Nevertheless it could be 
that it is not worth it to execute the loop nest on the PACT XPP if the loop bounds are too low. A 
conditional instruction testing if the loop bounds are large enough can be introduced, and 2 versions of 
the loop nest are produced. One would be executed on the host processor, and the other on the PACT 
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XPP when the loop bounds are suitable. Ibis wouid also ease applications of loop transformations, as 
possible compensation code would be simpler due to the hypothesis on the loop bounds. 

42,3 RISC Code Generation and Scheduling 

After the XPP compiler has produced NML code for the loops chosen by the partitioning phase, the 
mam compiling process must handle the code that will be executed by the host processor where 
instructions to manage the configurations have been inserted. This is the aim of the last two steps: 

■ RISC Code Generation and 

■ RISC Code Scheduling. 

The first one produces code for the host processor and the second one optimizes it further by looking 
for a better scheduling using software pipelining for instance. 

4.3 XPP Compiler for Loops 

So^ 1 ^^™,? 6 inl?n, f I f? Ce5S i nS £* e T XPP Com P aer - * - a complex cooperation between 
program transformatioiis ^included m the XPP Loop Optimizations, a temporal partitioning phase, 
NML code generation and the mapping of the configuration on the PACT XPP. . 



exit 



yes 



± 



XPP Loop Opt. 



no 



T 




no change |j too bi 
no X 



NML Code Gen. 



fail 




Mapping 



Mi 




ZL 



Temporal Partitioning 



yes 



Figure SI .Detailed Architecture of the XPP Compiler 



SJSi££2T S rgCted ** ? C PACT W to * P roduce ^ermost loop bodies 

ttiat can be executed on the array of processors. If this is the case, the NML code generation phase is 
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called, if not then temporal partitioning is applied to get several configurations for the same loop. After 
NML code generation and the mapping phase, it pan also happen that a configuration will not fit on the 
PACT XPP. In this case die loop optimizations are applied again with respect to the reasons of failure 
of the NML code generation or of the mapping. If this new application of loop optimizations does not 
change the code, temporal partitioning is applied. Furthermore we keep track of the number of 
attempts for the NML Code Generation and the mapping, if too many attempts are made, and we still 
do not obtain a solution, we break the process, and the loop nest will be executed by the host 
processor. 

4.3.1 Temporal Partitioning 

Temporal partitioning splits the code generated for the PACT XPP in several configurations if the 
number of operations, i.e. the size of the configuration, to be executed in a loop nest exceeds the 
number of operations executable in a single configuration. This transformation is called loop 
dissevering [6]. -These configurations are then integrated in a loop of configurations whose number of 
execution corresponds to the iteration range of the original loop. 



4.3.2 Generation of NML Code 

This step takes as input an intermediate form of the code produced by the XPP Loop Optimizations 
step, together with a dataflow graph built upon it. NML code can then be produced by using tree- or 
DAG-pattern matching techniques. 

4.3.3 Mapping Step 

This step takes care of mapping the NML modules on the PACT XPP by placing the operations on the 
ALUs, FREGs, and BREGs, and routing the data through the buses. 



4.4 XPP Loop Optimizations Driver 

The loop optimizations used for the PACT XPP are now described. Their goal is to extract as much 
parallelism as possible from the loop nests in order to execute them on the PACT XPP by exploiting 
the ALU-PAEs as effectively as possible and to avoid memory bottlenecks with the IRAMs. Hie 
following sections explain how they are organized and how to take into account the architecture for 
applying the optimizations. 

4A1 Organization of the System 

Figure 52 below presents the organization of the loop optimizations/ The transformations are divided 
in six groups. Other standard optimizations and analysis are applied in-between. Each group could be 
called several times. Loops over several groups can also occur if needed. The number of iterations for 
each driver loop can be of constant value or determined at compile time by the optimizations itself 
(e.g. repeat until a certain code quality is reached). In the first iteration of the loop, it can be checked if 
loop nests are usable for the PACT XPP, it is mainly directed to check the loop bounds etc. For 
instance if the loop nest is well-formed and the data dependence graph does nor prevent optimization, 
but the loop bounds are unknown, then in the first iteration loop tiling is applied to get an innermost 
that is easier to handle and can be better optimized, and in the second iteration, loop normalization, if- 
conversion, loop interchange and other optimizations can be applied to effectively optimize the 
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innermost loops for the PACT XPP. Nevertheless this has not been necessary until now with the 
examples presented in the next chapters. 

Group I ensures that no procedure calk occur in the loop nest Group n prepares the loop bodies by 
. removing loop-invariant instructions and conditional instruction to ease the analysis Group TTI 
generates loop nests suitable for the data dependence analysis. Group IV contains optimizations to 
transform toe loop nests to get data dependence graphs that are suitable for vectorization. Group V 
contains optimizations that ensure that the innermost loops can be executed on the PACT XPP Group 
VI contains optimizations that further extract parallelism from the loop bodies. Group VII contains 
optimizations more towards optimizing the usage of the hardware itself. T 

In eachgroup the application of the optimizations depends on the result of the analysis and the 
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Group V 
loop interchange 
loop distribution 
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loop tiling 
Etnp- mining 
toop alignment 





- - - 

Croup VI 

toop fusion 
reduction recognition 
senior replacement 
loop unrolling unroll <£ 


L. . 
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Croup VXI 

Daia duplication 
Shift register synthesis 
Loop pipelining 
Tree balancing 



figure 52 -.Detailed View oftheXPPLoop Optimizations 



4 A2 Loop Preparation 

The optimizations of Groups I, n and in of the XPP compiler generate loop bodies without procedure 
calls, conditional instructions and induction variables other than loop control variables. Thus loop 
nests, where the innermost loops are suitable for execution on the PACT XPP 7 are obtained. The 
iteration ranges are normalized to ease data dependence analysis and the application of other .code 
transformations. 



or 



02-JUL-Z003.. 16: 14 PfiT.-flNU.. P. PIETRUK +49 721 469308 3.53 
. ^fcaMUnb akanntesSc^ . 



4.4.3 Transformation of the Data Dependence Graph 

Hie optimizations of Group rV are performed to obtain innermost loops suitable for vectorization with 
respect to the data dependence graph. Nevertheless a difference with usual vectorization is that a 
dependence cycle that would normally prevent any vectorization of the code, does not prevent the 
optimization of a loop nest for the PACT XPP. If a cycle is due to an anti-dependence, then it could be 
that it won t prevent optimization of the code as stated in [7]. furthermore dependence cycles will not 
prevent valorization for the PACT XPP when it consists only of a loop-carried true dependence on 
^wTUl^ 510 ^ If , CyclBS Wi * distance * occur in the data dependence graph, then this c4 te 
handled by holding * values in registers. This optimization is of the same class ascycle shrinking 

a^n^ncfd 1 ^ 0115 *" ? ** ****** L °°P "«sts cannot be handled if some 

V^f Ce \T, n ° t COnStant - or unknown - If only a few dependences prevent me 
optunoation of the whole loop nest, this could be overcome, by using the SadibWI SoSation 
algorithm mat sorts topological* the strongly connected components ofX *S , d5^S?SS- 

b^h? P Tr?ST nS i' *** "rjei* di5tribution - This way, loop nests, which Z E haSS 
by me PACT XPP and some by the host processor, can be obtained. nanaiea 

4.4.4 Influence of the Architectural Parameters 

ooi^ W T*"* Parameter5 mfluence *ne application of the loop transformations. The number 
of operations and memory accesses, that a loop body performs, is estimated at each step Thwe 
P^ametera mfluence loop unroUing, strip-mining, loop tiling and also k^mtSSg^\er2on 

The table below lists the parameters that influence the application of the optimizations For each of 
value the parameter should reach or should not exceed after the application of the optimizations 
^ SSnt^f,!* 6 in ? enn ° 5t i6the * Of elen?enfe P ofT^y 

5 SSms *aEF F^O^r^ 6 ? ?" r . eprCSen !f me a™ 0 * of data that « fit in the cache! 
ut/\ivis, AL,U, rKEO, BREG stand for the number of IRA Ms AITT<s cppn a opcr 

■ decrease a parameter's value (-X 

■ increase a parameter's value (+) 7 

■ not influence a parameter (id), or 

■ adapt a parameter's value to fit into the goal size (make fit). 
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Parameter 


Goal 


Starting Value 


Vector length 


IRAM size (256 words) 


Loop count 


Reused data set size 


Approx. cache size 


Aleorithm analvsis/loon sizes 


I/O IRAMs 


PACTsiae(16) 


Algorithm incuts 4* outnuts 


ALU 


PACT size (< 64) 


ALU opcode estimate 


BREO 


PACT size (< SO) 


6REG opcode estimate 


FREG 


PACT size (< SO) 


FREG opcode estimate 


Data flow graph width 


High 


Algorithm data flow graph 


Data flow graph height 


Small 


Algorithm data flow graph 


Configuration cycles 


< command line parametEr 


Algorithm analysis 



Here are some additional notations used in the following descriptions. Let* be the total number of 
processing elements available, r r the width of the dataflow graph, m, the maximum number of input 
values in a cycle and out 7 the maximum number of output values possible in a cycle. On the PACT 
XPP„ n is the number of ALUs, FREGs and BREGs available for a configuration, r is the number of 
ALUs, FREGs and BREGs that can be started in parallel in the same pipeline stage and,/n and out 
amount to the number of available IRAMs. As IRAMs have 1 input port and I output port, the number 
of IRAMs yields directly the number of input and output data. 

The number of operations of a loop body is computed by adding all logic and arithmetic operations 
occurring in the instructions. The number of input values is the number of operands of the instructions 
regardless of address operations. The number of output values is the number of output operands of the 
instructions regardless of address operations. To determine the number of parallel operations, input 
and output values, and the dataflow graph must be considered. The effects of each transformation on 
the architectural parameters are now presented in detail. 



Loop Interchange 

Loop interchange is applied when the innermost loop has a too narrow iteration range. In that case, 
loop interchange allows to have an innermost loop with a more profitable iteration range. It can also be 
influenced by the layout of the data in memory. It can be profitable to data locality to interchange two 
loops to get a more practical way to access arrays in the cache and therefore prevent cache misses. It is 
of course also influenced by data dependences as explained earlier. 
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! Parameter 


Effect 


Vector length 


! + 


Reused data set size 


make fit 


I/OIRAMs 


id 


ALU 


id 


Dp CQ 


id ™~ 1 


FREG 


id 


Data flow graph width 


id | 


Data flow graph height 


id 


Configuration cycles 





Loop Distribution 



Parameter . 


Effect 


Vector length 


id 


Reused data set size 




I/O IRAMs 


make fit 


ALU 


make fit 


BREG 


make fit 


FREG 


make fit 


Data flow graph width 




Data flow graph height 




Configuration cycles ^™ 





Loop Collapsing 



SO 
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Parameter 


Effect 


Vector length . 


+ 


Reused data set size 


+ 


f/OlRAMs 


+ 


ALU 


id 


BREG 


id 


FREG 


id 


Data flow graph width 


+ 


Data flow graph height 


+ 


Configuration cycles 


+ 



Loop Tiling 

Loop tiling, as multi-dimensional strip-mining, is influenced by all parameters, it is especially useful 
when the iteration space is by far too big to fit in the IRAM, or to guarantee maximum execution time 
when the iteration space is unbounded (see Section 4.4.6). It can then make the loop body fit with 
respect to the resources of the PACT XPP, namely the IRAM and cache line sizes. The si2e of the tiles 
for strip-mining and loop tiling can be computed like this: 

tile size = resources available far the loop body / resources necessary for the loop body 

The resources available for the loop body are the whole resources of the PACT XPP for this 
configuration. A tile size can be computed for the data and another one for the processing elements, 
the final tile size is then the minimum between these two. For instance, when the amount of data 
accessed is larger than the capacity of the cache, loop tiling can be applied like below. 

for(i=0/i <- 1048576;i++) -for(i=*0; i<= 1048576; l+= CACHE_SIZE) * 

<loop body> for{j=0; j< CACHE_SIZE; j+=IRAM_SIZE) 

for(k=0; k<IRAM_SI2E;k++) 
<tiled loop bo3y> 

Figure 53: Example of loop tiling for the PACT XPP 




5f 



02-JUL-2003 16:15 



PRT.-flNUI. P. PIETRUK 



+49 721 469308 



Parameter 


Effect 


Vector length 


make fit 


Reused data set size 


make fit 


I/O IRAMs 


id 


ALU 


id J 


BREG 




FREG 


id 


Data flow graph width 




Data flow graph height — 


+ 


Configuration cycles | + 



Strip-Mining 



Parameter 


Effect 


Vector length 


make fit 


Reused data set size • — — ~- 


f id 


I/O IKAMs 


) id 


ALU 


id 


BREG ' T 


id 


FREG 


id 


Data flow graph width 


+ 


Data flow graph height 




Configuration cycles ~ __ 





Loop Fusion 
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t aramcici 






LU 




•irl 
1U 


I/O TRAMc 




ALU 




BREG 




FREG 


+ 


Data flow graph width 


id 


Dataflow graph height 


+ 


Configuration cycles 





Scalar Replacement 

The amount of memory needed by the loop body should always fit in the IRAMs. Thanks to this 
optimization, some input or output data represented by array references, that should be stored in 
IRAMs, are replaced by scalars, that are either stored in FRJEGs or kept on buses. 



Parameter 


Effect 


Vector length 


+ 


Reused data set size 


id 


I/OIRAMs 


id 


ALU 


id 


BREG 


id 


FREG 


id 


Data flow graph width 


+ 


Data flow graph height 




Configuration cycles 


id 



Loop Unrolling 

Loop unrolling, loop collapsing, loop fusion and loop distribution are influenced by the number of 
operations of the body of the loop nest and the number of data inputs and outputs of these operations, 
as they modify the size of the loop body. The number of operations should always be smaller than n, 
and the number of input and output data should always be smaller than in and out. 
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Parameter 


Effect 


Vector length 


id 


Reused dam sei size 


| id 


I/O IRAMs 




ALU 


+ 


BREG 




FREG 


+ 


Data flow graph width 


id 


Data flow graph height 


4- 


Configuration cycles 


+ 



Unroll-and-Jam 

AnSt^^ iSt !J?K Um0lHnS Sn L OUter ,0 ° p raer « in 8 ™ e ™ toops- It must compute 

the unrolling degree u with respect to the number of input memory accesses m and output memory 

accesses^ in the inner loop. The following inequality must hold: «* m S in A u *p £ out. Moreover 
the number of operations of the new inner loop must also fit on the PACT XPP. 



Parameter 


Effect 


Vector length 


id , 


Reused data set size 


+ 


VO IRAMs 




ALU 


+ j 


BREG 


+ 


FREG 




Data flow graph width 


id 


Data flow graph height 


+ 


Configuration cycles 





4.4.5 Optimizations Towards Hardware Improvements 

mJ^S ^nTZ^ 003 - ?rf!? t0 * e PACT b ° ™<*. These optimizations deal 

mostly wrth memory problems and dataflow considerations. This is the case of shift register synthesis 
mput data duplication (similar to scalar privatization), or loop pipelining. ^thesis, 

Shift Register Synthesis 

This optimization deals with array accesses that occur during the execution of a loop body When 

ZSL V ^Zt^ y ™ ^ f ° r ? fferent ft ™ be —anient to W* e „ Z 

registera rather than accessing memory each time they are needed. As the same value must be stored in 
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different registers depending on the number of iterations it is alive, a value shares several registers and 
flows from a register to another at each iteration. It is similar to a vector register allocated to an array 
access with the same value for each element This optimization is performed directly on the dataflow 
graph by inserting nodes representing registers when a value must be stored in a register. In the PACT 
XPP, it amounts to store it in a data register. A detailed explanation can be found in [ 1 J. 

Shift register synthesis is mainly suitable for small to medium amounts of iterations where values are 
alive. Since the pipeline length increases with each iteration for which the value has to be buffered, the 
following method is better suited for medium to large distances between accesses in one input array. 

Nevertheless this method works very well for image processing algorithms which mostly alter a pixel 
by analyzing itself and its surrounding neighbors. 



Parameter 


Effect 


Vector length 


+ 


Reused data set size 


id 


I/OKAMs 


id 


ALU 


id 


BREG 


id 


FRJEG 


id . 


Data flow graph width 


+ 


Data flow graph height 




Configuration cycles 


id 



Input Data Duplication 

This optimization is orthogonal to shift register synthesis. If different elements of the same array are 
needed concurrently, instead of storing the values in registers, the same values are copied in different 
iRAMs. The advantage against shift register synthesis is the shorter pipeline length, and therefore the 
increased parallelism, and the unrestricted applicability. On the other hand, the cache-IRAM 
bottleneck can affect the performance of this solution, depending on the amounts of data to be moved. 
Nevertheless we assume that cache-IRAM transfers are negligible to transfers in the rest of the 
memory hierarchy . 
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Parameter 


Effect 


Victor length 


+ 


Reused data set size 


id 


VO IRA Ms 


id 


ALU 


id 


BREG 


id 


FREG 


id 


Data flow graph width 


+ 


Data flow graph height 




Configuration cycles 


id 



Loop Pipelining 



Parameter 


Effect 


Vector length 


+ 


Reused data set size 


f id 


f/OIRAMs 


id 


ALU 


id 


BREG ~ 


id " 


FREG 


id 


Data flow graph width 


+ 


Data flow graph height 


m 


Configuration cycles 





Tree Balancing 
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Parameter 


Effect 


Vector length 


+ 


Reused data set size 


id 


I/O IRAMs 


id 


ALU 


id 


BREG 


id 


FREG 


id 


Data flow graph width 


+ 


Data flow graph height 




Configuration cycles 





4 A6 Limiting the Execution Time of a Configuration 

The execution time of a configuration must be controlled. This is ensured in the compiler by strip- 
mining and loop tiling that take care that not more input data as the IRAMs capacity come in the 
PACT XPP in a cycle. This way the iteration range of the innennost loop that is executed on the PACT 
XPP is limited, and therefore its execution time. Moreover partitioning ensures that loops, whose 
execution count can be computed at run time, are going to be executed on the PACT XPP. This 
condition is trivial for for-loops, but for while-loops, where the execution count cannot de determined 
statically, a transformation like sketched below can be applied. As a result the inner for-loop can be 
handled by the PACT XPP- 



whilo (ok) { 
<loop body> 

> 



while (ok) 

for{i^0; i<100 ok; i++) 
<loop body> 

) 



f 



Figure 54: Transformation ofwhiie-loops 
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5 Case Studies 



5.1 3x3 Edge Detector 

5.1.1 Original Code 

Source Code: 

#define VERLEN 16 
fdefine HORLEN 16 
main() { 

int v, h, inp; 

int pi [VERLEN] [HORLEN] ; " 

int p2 [VERLENJ [HORLEN] ,- 

int htmp, vtmp, sum; 

for(v»0; v< VERLEN; // lopp nest j 

for(h=0; h< HORLEN; h++) { 

^ P2[v][h] => 0; // initialize p2 

£or<v=0; v<=VERLEN-3; v ++ ) { // loQp aes1 . 2 
for(h=>P; h<=HORLEN-3; h++) { 

htmp = (pl[-o-+2] [hj - Pl[v][hl) +• 

(pl[v+2) [h+2] -pl[v][h+2]) + 

if th t „|;^ ltV+2Hh+11 ~PlM[h«]); 

htmp = - htmp; 

vtmp - (pl[vj [h+2] - plO] [h]) + 

(Pl[v+2J [h+2] -pltv+2][hj) + 

if (^p ; ir (mnh+2] -puv+i]^,; 

vtrop = - -vtntp; 

sum = htmp + vtmp; 
if (sum > 255) 

sum = 255; 
P2t^+1] [h+1] = sum; 

) 

f °f V Tu''n V<VERLEN; v++) " le «P 3 

for(h=0; h<HORLEN; h++) 

printf(»%d\n", P 2 [v] [hj ) // p rint output pixels from P 2 
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5.1 .2 Preliminary Transformations 

interprocedural Optimizations 

The first step normally invokes interprocedural transformations like function inlining and (oop 
pushing. Since no procedure calls are within the loop body, these transformations are not applied to 
this example. 

Partitioning 

The partitioning algorithm chooses which code runs on the RISC processor and which code runs on 
the XPP. Since we only consider inner loops to run on the XPP, the basic blocks are annotated with the 
loop nest depth. Thus basic blocks which are not in a loop are separated out Furthermore function 
calls within a loop body prevent a loop to be considered for running on the XPR 

In our benchmark the loop nests 1 and 3 are marked as to run on the RISC host because of the function 
call. In the following sections they are not considered any further. 

It is to say that at this compilation stage it is not predictable if the remaining loop nests can be 
synthesized for the XPP. We just separated the ones which definitely cannot run on it, others may 
follow,. since running the code on the RISC CPU is always the reassurance in our strategy. 

Loop Analysis and Normalization 

The code upon has already normalized loops. Nevertheless it is more likely that human written code 
would look like 

for(v=l; v < VSRLEN - 1; v++) { 
for(h=l; h < HORLEN - 1; h++) { 

htmp (pl[v+l} [h-1] - pl[v-l) [h-1] ) + 
(plCv+1] [h'+ij - pl[v-l] [h+l]> + 
.2* (pl[v+i][h] - pl[v-l][h]); 
. if (htmp < .0) 

htmp = - htmp; 

-vtmp (pl[v-l) [h+i] - pl[v-lj [h-1} ) + 

(pltv+l] [h+l] - pl[v+lj [h-1]) + 

•2 * (pi [v] [h+l] - pi [v] [h-1])/ 
if (vtmp < 0) 
vtmp = - vtmp; 

sum « htmp + vtmp; ' 
if (sum > 255) 

sum 255; 
p2[v+l] [h+1] « sum; 

>. 

} . 

Although seen at first sight by a human reader, it is not obvious for the compiler that the loop is well 
formed. Therefore it is tried to normalize the loop. 

If the original loop induction variable is called / with the increment value s and lower and upper loop 
bounds 1 and u, respectively, then the normalized loop with the induction variable /' and the upper 
bound u' (the lower bound r is 0 by definition) is transformed as follows: 
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• The upper bound calculates to u' = (u-I)/s. 
■ All occurrences ofi are replaced by 1 + i* *s. 

Applied to the code above, the loop statement f or (v=l; v < VERLEN - l ; v ++) with the 

for(vn=0; vn <= (vu - vl)/vs; vn++) 
or simplified 

£or(vn=0; vn <= 13; vn++) 

The 'h-loop' is transformed equally, issuing the original code. 

Idiom Recognition 

t I uj he iS COn ? S ? P ^™ J* 00 ^ 0 " ^ds the abs() and minQ structures in the loop body Please note 

"^JSss^isaasKss" -— -— — 

£or(v=0/ v<=16-3; { 

for(h=0; h<=16-3; h++) ( ' " . 

htmp - (pl[v+2)[h] - pl(v][h]) + ' • 
(pl[v+2] [h+2] - pl[v] [h+2] ) + 

htmp « abs (htmp) ; 

vtmp = (pl[v] [h+2]' -. pi[v] thj) + 

<pl£y+2] (h+2] -.pl[v+2] [h] ) + 

vtmp = abs (vtmp) ; 

sum = min(htmp + vtmp, 255)/ 
p2[v+l] £h+l] * sum; 



Dependency Analysis 

for(v=0; v<=16-3; v++) { 
for(h=0; h<=16-3; h++) { 

S1 htin P - (pXtv+2][h] - pl[v][h]) + 

(plfv+2] [h+2] - pl[vj [h-t-2]) + 

32 htmp = .abs (htmp) / • J '' 

53 vtmp = (pl[v][h+2] -pl[vj[hj) + 

Cpl[v+2] [h+2] -pl[v+2)[h]) + 
cj ' 2 * (PlC v +13 [h+2] pXCv+11 [h] ) ; 

54 . vtmp «• abs (vtmp); Jl 
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Figure 55 The expression tree of the edge 3x3 inner loop bocfy 

sum - min(htmp + vtmp, 255); 
p2[v+l] [h+l] = sum; 



There are no loop earned dependencies which prevent pipeline vectorization. The loop independent 
scalar dependencies do not prevent pipeline vectorization since the transformation does not disturb the 
order of reads and writes. Furthermore forward expression substitution / dead code elimination will 
remove the scalar? completely. w ™ BOB WUI 



5.1.3 Pre Code Generation transformations 

Forward Expression Substitution / Dead Code Elimination 

^J^uiTT 5 *T P - 3,1(1 , SUm after *° Io °P nest aUows forward expression substitution 
along with dead code elimination to place the whole calculation into one statement. 



p2[v+l) [h+l] = min(abs( 



+ abs ( 



(pl[v+2] [h] - pl{v] [h]) + 
Cpl[v+2] [h+2] pl[vj th+2] ) + 
2 * (pl[v+2) [h+l] - pl[v] [h+l])) 
(pl(v] [h+2] -pl[v][h]) + 
(pl[v+2] [h+2] -pl[v+2][h]) + 
2 * (pl[v+l] [h+2] - pl[v+l] [h])), 



255) ; 



The scalar accesses then disappear completely. 
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Mapping to IRA Ms 



The airay accesses are mapped to IRAMs At thk ctao* ii>. u . > 

actual mapping to XPP IR^ls is donelaL ^ ""^ ™ Ch0SCT *« 



Sat^^T™ PltV+%]PHy) OTd » *-*NW) (a* to iram2[ 0J). 



The 



iram3[l) 



min(abs(irani2[0] - iramO[0]) + 

(iram2[2] - iram0[2]) + 
2 * (iram2[lj - iramO[l]) + 
•abs(iramO[2J - iraraOfO]) + 

(iram2C2] - iram2[0j + 
2 * <iraral[2] - iramlfO]), 255); 

Tree Balancing 

simpiafcrtonca.d^;*LS°»^f!J* e taw* of synthesized pipeline, another 
add exptessions can tZZSggt Sta?*. SS^T ** " *° «» — *• 




Fi ^ e 5 60m of the sub trees before and after balnr,^ tu 
The resulting expression tree is shown in Figure 56. 

5.1.4 XPP Code generation 

Pipeline Synthesis 

As already stated the pipeline is synthesized by a dynamic Drommm' - 
netwo* is no, shown , thia ^"5~ 
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while the variant with duplicated input data simply consists of an IRAM for each input channel in 
Figure 57, . 

Although this is straight forward, there remains the question how to access the different offsets of the 
vector register accesses. Although the RAM-PAEs are dual ported it is obvious that it is not possible to 
read different addresses concurrently. 

Since it is not efficient to synthesize a configuration which generates the different addresses 
sequentially and demultiplexes the read operands into different branches of the data flow, other 
arrangements have to be made. 

The two possibilities to access input data presented in subsection 4.4.5 yield the following in RISC 
pseudo code and XPP utilization.. The pseudo code running on the RISC core looks like 

XPPPrelead(config) 

for (v=0; v<=16-3; v++) { 

XPPPreload(0, SplCv], 16) 

XPPPreloadfl, &pl[v+l], 16) 

XPPPreload ( 2 , £pl[v+2], 16) 

XPPPreloadCXean ( 3 , &p2[v+l] , 16) 

XPPExQCufce(config, IRAM(O), IRAM{1), IRAM<2), IRAM{3)) 

) 

for shift register synthesis and like 

XPPPreload { conf ig) 

for (v=0; v<=16-3; v++) { 

XPPPreload(0, &pl [v] , 16) . 

XPPPreloadd, &pl [v] , 16) 

XPPPreload(2, &pl[v], 16) 

XPPPreload(3, &pl[v+l], 16) 

XPPPreload(4, &pl[v+l], 16) 

XPPPreload{5, &pl[v+2] r 16) 

XPPPreload(6, &pl [v+2] , 16) 

XPPPreload(7, &pl[v+2], 16)' 

XPPPr«loadCJLean(3, $p2[v+l], 16) 

XPPExecute(config, IRAM(O), 1RAM(1), IRAM(2), IRAM(3) ) 

IRAM<4), IRAM(5), IRAM(6), IRAM(7)) 

} 

for data duplication, respectively. 
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Figure 58 One input ctfier shift register synthesis. The leftmost input contains pl[][h] 9 the middle one 
p?fl{h+lj and the rightmost pi [][h+2], respectively. 

The values for place & route and simulation are compared in the following table. Note that a common 
RISC DSP with two MAC units and hardware loop support needs about 4000 cycles for the same 
code. This comparison does not account for cache misses. Furthermore it is obvious, that the number 
of input values is very small in this example and the DSP calculation time is proportional to that 
number. The XPP performance on the other hand will improve with the number of input values. 
Therefore the XPP performance will be more impressive with bigger image sizes. 



Parameter 


Value (shift register synthesis) 


Value (data duplication) 


Vector length 


16 


16 


Reused data set size 


256 


256 


I/O IRAMs 


3l + IO = 4 


8I+lO = 9 


ALU 


27 


21 


BREG 


21(1 defined + 20 route) 


10 (1 defined-*- 9 route) 


FREG 


22 (9 defined + 23 route) 


19 (3 defined 16 route) 


Data flow graph width 


14 


14 


Data flow graph height 


3 (shift registers) + 8 (calculation) 


8 (calculation) 


Configuration cycles (simulated) 


configuration 


2262 


configuration 


2145 




preloads 1 


14*3*4 168 


preloads 


8*8*4 256 




cycles 


14*57 798 


cycles 


14*52 728 




sum 


3228 


sum 


" 3129 



1 assuming 4 words/cycle burst transfer 
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5.1.5 Enhancing Parallelism 

After the synthesis the configuration calculating the inner boo utilizes 27 Ar ric »«a 4 t» 4 u * i_ , 
register synthesis and 21 ALUs and 9 IRAlWc f™ aTZ a 7° U . U12es 27 ALUs ^ 4 IRAMs for shift 
core this leaves plenty of* ST oV2£ht omnS^' P ^m" 9 ^f^' Assu **S * XPP64 
enhancing parallel Lp^^^^ Nevertheless, since all optimizations 

needed purees and the'SSlf^T^^ 

account for both input preparation strategies to estimate c^va^f FUr4herai ° re have to 

Loop Unrolling 

s^ithesis »ould exhaust mosi of the benefibtf toSSi™ k ., fPP^bte.and shift register 
; ia»At^t««rtl55- • «F configuration. 

Unroll-and-Jam 

" to ^ - *J ^es IRAM usage. It brings pairs of 

unrolls the outer loop and fusefml W tfo^!S" ^ 

so-called unroll-and-jam factor must be deterTnlrf 2ht? J - unroU-and-jam is performed the 
outer ioop. ^ ia ^ in^^r„ f ^ s ^^ ^5S££ 
to ^onroii-Md-ian - ~ « — = 2 (integer division).' 

''inner loop ^' 

Thus the source code would be transformed to. 

for(v=0; v<=VERLEN-3; v+=2)'{ * .. .. 

for(h«=0; h<=HORLEN-3; h++) { 

.p2[v+l ][h+ l] = min( a b5((p i [v+2J[h] . plWfhll + 



2 * ifMrr^j* - !"?? -picv][h+2ji + 



tpltv+2] [h + i] -pl[vjth+13)) + 
(pl[v+2J [h+2] - pl[v+2][hj) + 



(pl[v+3].[h*2J - pl[v+l] [h+2]) + 
2 « (pl[v+3][h+l] - plCv+llin+lJ) + 

(pi (v+3] [h+2 J - P l[v+3][hl) + 
2 * (pl[v +2 J[ h+ 2J. - pltv + 2][ h j;), 255) 



plCv^l, to d 

means 2 IRAMs more for shift reaistj^.1,^ ' " ~* ™ , " tt, » » p2[v+2][h-n]' na, 
duration (4 i„p„^ ! <^S%^Z«£°^£ OU * U,) "* 5 «» 
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Parameter 


Value (shift register synthesis) 


▼ "l vlv yUuul UU^IHLaLlUn — HO 

IRA M placement) 


Vector length 


16 


16 


Reused data set size 


256 


256 


I/OIRAMs 


41 + 20 = 6 


12 I +2 0« 14 


ALU 


! 45 


37 


BREG 


31 (12 defined +19 route) 


42 (4 defined + 38 route) 


FREG 


29(1. defined + 28 route) 


18(1 defined + 17 route) 


Data flow graph width 


14 


14 


Data flow graph height 


3 (shift registers) + 8 (calculation) 


8 (calculation) 


Configuration cycles (simulated) 


configuration 


2753 


configuration 


2754 




preloads 


7*4*4 112 


preloads 


7*12*4 336 




cycles 


7*53 371 


cycles 


7*69 483 




sum 


3236 


sum 


3573 








Parameter 


Value (data duplication - with 
IRAM placement) 




Vector length 


16 




Reused data set size 


256 




I/OIRAMs 


121+20 = 14 




ALU 


37 




BREG 


36 (4 defined + 32 route) 




FREG 


24(1 defined + 23 route) 




Data flow graph width 


14 




Data flow graph height 


3 (shift registers) + 8 (calculation) 




Configuration cycles (simulated) 


configuration 
preloads 
cycles 
sum 


2768 

7*12*4 . 336 
7*51 *357 
3461 







kHiIt TT^jTT ,. • ™ I UiC aDOVB - riease noie rne ««tierences of the two columns 
g>eled.with 'data duplicate''. The first used xmap to place the IRAMs, while in the second the 
IRAMs were placed by hand using a greedy algorithm which places IRAMs that are operands of the 
same operator in one line (as long as this is possible). The second solution improved the iteration 
cycles by 18. This shows that IRAM placement has a great impact to the final performance. 

The traditional unroll-and-jam algorithm uses loop peeling to split the outer loop in a preloop and an 
unroll-able main loop to handle odd loop counts. When we assume for instancen - 128 the unroll-and- 
jam factor would calculate to 



'unroll-and-jam 



128 
27 
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Since the outer loop count (14) is not a multiple of 4, the algorithm virtually neek n fF th« * 

for(V=0; v<«VERLEN-5; v+=4) [ 

for(H=0; h<=HORLEN- 3 ; h++) { 

P2[v+l][h+l] -minf abs((pl[v+2J [hj ~pl[v]£h]) + 

(pl[v+2] [h+2] -pl[v][h+2]J + 

2 :*/fVr V+2Hh+11 -PlWthtiD) + 
abs((pl[ vJ [ h+ 2] -pl[v](h)) + 

(pl(v+2J [h+2] -pl[v+2][h)) + 

• 2 * A p vr 3Hh+i] - pitv+i] [h +i] + 

abs<(pi[ V +l] [h+2] - pl[v+lj[ h ]) V 
(Pi tv+3] [h+2] -pl[v+3][hj) + 

abs((pi[ V +2] [h+2] -pltv+2][hj) V 
* , ( Pl£ v + 4 Hh+2) -pl[v+4J[h]) + 

"r~« P2 [v+4 ] [ h +x] = mih c 2 abs c^cVSjK 21 - » V 

• 9 * /P1IV+5] [h+2] - pl[v+3JCh+2]) + 
2 * (pl[v+53[h+lj - pl[v+3][h+l]) + 
abs((pl[v+3].[h+2] - P X[v+3] [h]) + 
(pl[v+5] [h+2] -pl[v+5](h]) + 
} 2 * <jpl[v+4] [h+2] - pl[v+4][h])), 255); 



5.1.6 Parameterized Function 

Source code 

The benchmark source code is not verv likelv tn Ko „^w~« • A , ^ 

Normally it would be encapsulated 2 a S wlt^S. 'Z 0 ™ & reaI WOrld 

with the sizes of the picture to3cc£ ^* parameters for m P ut «d output arrays along 

Therefore the source code would look similar to: 

void edge3x3(int »pl, int * p2 , iftt HORLEN, int VERLEN) 

for(v«0; v<=VERLEN-3; v++) { 
for(h»0; h<=HORLEN-3; h++) { 
htrap - ppl : (v+|, * KORLEN ♦ h, - * Mpl + v * horlen + h„ + 

2 * * M pl * v+2 * £55 t S? " ** (P1 + V * HORLEN + h+2)) + 
if <htmp < 0) * ORLEN + h+1) ""^P 1 + * * HORLEN + h+li [); 

htmp « - htmp; 

vt °! " ; ,„ 2 ? : sss : h h :i; : : r * 

i* + * * " i! - I S3! - ess : su; 

vtmp = - vtzmp; 
sum =» htmp + vtmp; 
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if (sum > 255) 

sum * 255; 
**(p2 + (v+1) + HORLEN + h-KL) - sum; 

> 

. This requires some additional features from the compiler. 
■ interprocedural optimizations and analysis 

» hints by the Programmer (e.g. a compiler known assert( VERJLEN % 2 — 0) makes unroll-and-jam 
actually possible without peeling off iterations and running them conditionally) 

Fitting the Algorithm Optimally to the Array 

Since HORLEN and VERLEN are not known at compile time these unknown parameters introduce 
some constraints which prevent pipeline vectorization. The compiler must assume that the lRAMs 
cannot hold all HORLEN input values in a row, so pipeline vectorization would not be possible. 

Strip Mining Inner Loop 

Strip mining partitions the inner loop intp a loop that runs over a strip, which is chosen to be of the 
same si2e as the f RAMs can hold and a by strip loop iterating over the strips. Of course the strip loops 
upper bound must be adjusted for the possible incomplete last strip. After the strip mining the original 
code would took like (outer v-loop neglected): 

'for(h=0 r - h <« HORLEN- 3; h+= stripsize) 

for(hh=h; h<=min (h+stripsize-l, HORLEN- 3) ; hh++) { 

htmp * (**{pl + (v+2) * HORLEN + hh) - ** (pi + v * HORLEN + hh) ) + 

} * 



Assuming a IRAM size strip size of 256 the following simulated results can be obtained for one strip. 
The values must be multiplied with the number of strips to be calculated. 



. Parameter 


Value (shift register synthesis) 


Value (data duplication - with 
% IRAM placement) 


Vector length 


16 


16 


Reused data set size 


256 


256 . 


I/O IRAMs 


41 + 20 = 6 


121 + 20= 14 


ALU 


45 


37 


BREG 


3 1 (12 defined + 19 route) 


42 (4 defined + 38 route) 


FREG 


29(1 defined + 28 route) 


18(1 defined + 17 route) 


Data flow graph width 


14 


14 


Data flow graph height 


3 (shift registers) + 8 (calculation) 


8 (calculation) 


Configuration cycles (simulated) 


configuration 


2753 


configuration 


2754 




preloads 


7*4*64 1792 


preloads 


7*12*64 5376 




cycles 


128*530 67840 


cycles 


128*553 70784 




sum 


72385 


sum 


78914 



The RISC DSP needs about 1 .47 million cycles for this amount of data. As mentioned above these 
values do not include cache miss penalties and truly underestimate the real values. Furthermore it can 
be seen that data duplication does not improve the performance. The reason for this seems to be an 
worse placement and routing. 
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5.2 FIR Filter 

5.2.1 Original Code 



Source code: 

#define N 256 
Sdefine M 8 - 

for (i => 0,- i < N-M+l; i++) { 
S: y[±J. = 0; 

for (j = 0; j < M; j++) 

S'5 y[i] += C[j] *x[i+M-j-l); 
) . 



i^ES^"* M ™ by ** VaIU6S by * e P^1««~- ™« dependence graph 




'(=.<) 



for (i = 0; i < 269; i++) { 
S:' y[i] = 0; 

for (j « 0; j < 8; 
S': y[i] += c[j) * x[i+7-j]; 

We have the following table: 
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Parameter 


Value 


Vector length 


269 


Reused data set size 


- 


I/O IRAMs 


3 


ALU 


2 


BREG 


0 


FREG 


0 


Data flow graph width 


I 


Data flow graph height 


2 


Configuration cycles 


2+8=10 



5.2.2 First Solution 

In the case we want to save memory, the straightforward solution is to unroll the inner loop and to use 
shift register synthesis to delay the values of array x in the pipeline. No other optimization is applied 
before as either they do not have an effect on the loop or they increase the need for IRAMs. After loop 
unrolling, we obtain the following code: 

for (i = 0; i < 269; i++) { 

y[i] - 0; 

y[±] += c[0] * x[i+7] ; 

. y[iJ += c[l] * x{i+6]; 

y[i] +~ c[2] * x[i+5]; 

y[i] .+= c[3] * x[i+4] ; 

y[i] +- c[4) * x[i+3); 

y[i] ■ +- c[5] * x[i+2]; 

yti] += c[6] * x[i+l]; 

y[i] += c[7] * x[i]; 

) ' 
Then the table looks like this: 



Parameter 


Value 


Vector length 


269 


Reused data set size 




I/O IRAMs 


9 


ALU 


16 


BREG 


0 


FREG 


0 


Data flow graph width 


2 


Data flow graph height 


9 


Configuration cycles 


9+269=278 
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Dataflow analysis reveals that y[0M(x[0l...*m) ym=f( x m xttJi u /»?-*wh-- 

Successive values of, depend on almost *e anie^e^ 

accesses to the IRAMs, the values of x needed for the computation tffce n^ 

SS ^ taS-T *!% sh ^^ynthesi S needs 7 registers. TTus will £ acW^on X ^ACt 

2£ -low: An £g£ 

" n - x[0); b * 
x[l); 
x[2); 
X[3J; 
X[4];. 
x[5]; 
x[6); 
X[7]; 

= 0; i < 269; i++) { 

* c6*rl + c5*r2 * Q 4*r3 ♦ c 3,r4 ♦ c2*r5 + c l*r6 + c0 *r7; 

r2; 
r3; 
r4; 
r5; 
r6; 
r7; 

x[i+7]; 



rO 
rl 
r2 
r3 
r4 
rS 
r6 
r7 

for (i 

yfi] 
rO - 
rl = 
. r2 » 
r3 => 
r4 ■ 
r5 = 
r6 - 
r7 = 

) 



| IRAMO [ — 




I IRAW1 
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Parameter 


value 


Vector length 


269 


Reused data set size 




I/O IRAMs 


2 


ALU 


16 


BREG 


0 




/ 


Data flow graph width 


3 


Data flow graph height 


9 


Configuration cycles 


8+269=277 



Ops 


Number 


LD/ST (2 cycles) 


2 


ADDRCOMP (1 cycle) 


0 


ADD/SUB (1 cycle) 


8 


MUL (2 cycles) 


8 


SHIFT (1 cycle) 


0 


Cycles per iteration 


28 


Cycles needed for the loop (2-way) 


(28*269^2=3766 



Variant with Larger Loop Bounds 

Let us take larger loop bounds and set the values of N and Mto 1024 and 64. 

for (i « 0; i < 961; i++) { 
yUJ - 0; 

for (j = 0; j < 64; j++) 
.y[i] c[j] * x[i+63-j]; 

) • 

Following the loop optimizations driver given before,, we apply loop tiling to reduce the iteration range 
of the inner loop. We obtain the following loop nest. 

for (i »0; i < 961; { 
y[i] = 0; 

for (jj = 0; jj < 8; jj++) 
for (j ' = 0; j < 8; j++) 
. y[i] t- C[8*jj+j] * x[i+63-8*jj-j] ; 

A subsequent application of loop unrolling on the Inner loop yields: 

for <i - 0; i < 961; { 
ytU - 0; 

for (jj 0; jj < 8; jj++) { 

yti] +» c[8*jj] * x [i+63-8*jj] ; 
y[i] c [8*5j+l] * x(i+62-8*jj]; 
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} 



•y[i] 
y[i] 
y[i] 
y[i] 
yti] 
y[il 



+= 
+= 
+= 
.+= 

4-= 
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x[i+6l-8*jj] 
x[i+60-6*3 j] 
x[i+59-8*jj] 
x(i+58-8*jj] 
x[±+57-8*jj); 
x[i+56-8*j j J ; 



c[8*jj+2] 
c[8*jj+3] 
C[8*jj+4] 
c[8*jj+5] 
c(8*jj+6] 



Finally we obtain the same dataflow graph as above, except that the coefficients must be read from 
another IRAM rather than being directly handled like constants by the multiplications. After shift 
register synthesis the code is the following: 

for (i « 0; i < 961; { 
' rO - x[i+56] 
-rl - x[i+57] 
r2 » x[i+58] 
r3 « x[i+59] 
r4- = x[i+60] 
r5 = x[i+61]; 
r6 = x [1+62 J i 
r7 = x[i+63); 
for (jj « 0; jj < 8; 
y[ij - c[8*jj]*r0 

c[8*j j+4]*r4 
rO - rl; 
rl « r2; 
r2 = r3; 
r3 = r.4; 
•r4 « r5; 
r5 « r6; 
r6 » r7; 

r7 = x[i+63-8*jj] ; 



+ c[8*jj-KL)*rl + c[8+jj+2]*r2 + c [8*j j+3J *r3 + 
+ c[8*jj+5]*r5 + c£8*jj+6]*r6 + c [8*j j+7] * r 7; 



The table is the same than before except for the vector length and the expected speedup with respect to 
- a standard superscalar processor with 2 instructions issued per cycle is 1 7.5 . 



Parameter 


• Value 


Vector length 


8 


Reused data set size 




I/O IRA Ms 


2 


ALU 


16 . 


BREG 


0 


FREG 


7 


Data flow graph width 


3 


Chita flow graph height 


9 


Configuration cycles 


8+8=16 
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Ops 


Number 


LtUfa 1 [Z cycles; 


10 


Ai^L/ivwiJivir v* cycle) 


0 


AUD/SUB (1 cycle) 


16 


MUL (2 cycles) 


1*7 


SHIFT (1 cycle) 


0 


Cycles per iteration 


70 


Cycles needed for the loop (2-way) 


(70*8)/2=280 



5.2.3 A More Parallel Solution 



The solution i we presented does not expose a lot of parallelism in the loop. We can try to explicitly 
parallelize the loop before we generate the dataflow graph. Of course exposing more vSfiSS 
means more pressure on the memory hierarchy. g parallelism 

In the data dependence graph presented at the beginning, the only loop-carried dependence is the 

more suitable data dependence graph. We obtain then: . *> ufaiugcia 

for (i — 0; i < 249; { 
y.[i] .= 0;. 

for (j = Of j < 8; j++) 

tmp m C £j] * x [i+7-j]; 
• yfi] += tmp; 

> . 

for <± » 0; i < 249; 
for (j => 0,- J < 8; 



tmp[j] - C [j3- * x [i+7-j] ; 
y[ij += tmptj]; 



The parameter table is the following: 
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Parameter ■ 


Value 


Vector lengUx 


249 


Reused data set size 




I/O XRAMs 






L 2 




. o . 


FREG 


i i 


Data flow graph width 


2 


Data flow graph height 


2 


Configuration cycles 


| 2+8=10 . 



a not vectorizable loop. 



Then we apply loop distribution to get a vectorizable and 

for [i =0; i < 249; i++) { 
y(i] . 0; 
for (j = 0; j < 8; j++) 
tmpC^J - cfj] * x[i+7-j]; 
' for (j = 0; j < 8; 3++) 
yfij tmpfj] 

> 

given Wow coupon* „ the », inner Loops in orier „ be con*** wi* *. 



! Parameter 


Value 


Vector length " 
Reused data set size 


249 


I/OIRAMs - 


5 ■ 


ALU 


2 "j 


BREG 


0 


FREG 


1 


Data flow graph width 


t 


Data flow graph height 


3 


Configuration cycles 


1*8+1*8=16 



of the PACT XPP. Hence we do not need to stnr Tn,S,V^f to the number of.IRAMS 

, loop is trivial, it does not need to ^J^ZSSS^^T' °° P " C " e ° f Sec ° nd 
sum of a vector. This is easily found bv tte VEZZJT - P IS 3 reduction > '* computes the 
following code. y y he reduotton ^cognition optimization and we obtain the 
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for (i - 0; X < 249; ±++) { 

y[i] =0; * 
for (j = 0; j < 8; 

tmp[j] - c[j] * x[i+7-j]; 

/* load the partial sums from, memory using a shorter vector length */ 
for (j m 0; j < 4; 

aux(j) - tap [2* j ] + tmp[2*j+l); 

/* accumulate the short vector */ 
for (j « 0;j < 1; j++) . 

aux[2*j] » aux[2*j] * aux[2*j+l]; 

/* sequence of scalar instructions to add up the partial sums */ 
y[i] = auxfOJ + aux[2]; 

. ) 



Like above we give only one table for all innermost loops and the last instruction computing^///. 



Parameter . . 


Value 


Vector length 


249 


Reused data set size 




I/OIRAMs 


12 


ALU 


4 


BREG 


0 


FREG • 


0 


Data flow graph width 


1 


Data flow graph height 


4 


Configuration cycles 


1*8+1*4+1*1=13 



Finally loop unrolling is applied on the inner loops, the number of operations is always less than the 
number of processing elements of the PACT XPP. 

for Ci'= 0; i < 961; i++J 
{ 



tmp[0J 




c[0]' * 


x[±+7]; 


tmp[l] 




c[l] * 


x[i+6] ; 


tmp[2] 


= 


c.[2] * 


x(i+5]; 


trap [3] 




c[3] * 


x[i+4]/ 


trap [4 ] 




c[4] * 


x[i+3]; 


tap [5] 




c[5] * 


x[±+2J; 


tmp[ 6] 


S3 


c[6] * 


xCi+1]; 


trap [7] 




c[7] * 


x[i];- 


aux[0] 




tmp[0] 


+ tmp[lj; 


aux(l] 




tmp[2] 


t tmp[3] ; 


aux[2] 


es 


tmp[4] 


+ tmp[S]; 


aux[3] 


as 


tmp[6] 


+ tmp.[7]; 


auxfO) 




aux[0] 


+ aux£l]; 


aux[2] 




aux[2) 


+ aux[3] ; 


y[il - 


auxfO] + 


aux[2] ; 
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We obtain then the fo&ing dataflow graph representing the inner loop. 




cycles/iteration, l5 fof f ne « ding 4 
synchrony the throughput onfitetSn/c^fXrT^L to flS 

coefficents are taken as constant inputs by the ALUs pe^o^ne SSSfZEL ^ P,Pe,,ne " ^ 



s h ^r: n f t^v\s v a rr ^ d ^t — be ««- * . 

constant for each ALU. But due to date k^fnL?f a redUCed lf the Coefficie «* are handled like 
reside in the cache. And L Ae tranrfi of ? f J" ** ^ * at * e already 

efficiently,** config^ion K^tTJJ^SSf 8 5,^ CM b * achi ™* 

ready in the IRAMs. The P^^r^T^ZTtn^L^ Wlth ° Ut Wa,tM * for d *> to be 



Parameter 

Vector length 
Reused data set size 


Value 

249 


I/O IRA Ms 


16 . 


ALU 




BREG 


' • 0 


FREG 


0 


Data flow graph width 


$ 


Data flow graph height 


4 


Configuration cycles 


4+961 

■ — ■■ 



Variant with Larger Bounds 

To mak. to ..wog, a bit moIe interestfag> ^ m fc ^ ^ n ^ 

for (i = 0; i < 961; / 
Yti] =0; 

for (j = 0; j < 64; j++) 
^ y[il += cfj] * xti+63-j]; 
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for (i = 0; i < 961; i++) { 
y(i] - 0; 

for (j - 0; j < 64; j+4-j 
{ 

tmp - c[j] * x [1+63-31/ 
y[i] +- tmp; 

} 

) 

After scalar expansion: 

for (i » 0; i < 961; i++) { 
y[i] » 0; 

for (j * 0; j < 64; j++) 
i 

tmptj] - c(j] * x[i+63-j]; 
y[i] tmptj]; 

) 

} 

After loop distribution: 

for (i « 0; i.< 961; i++) { 
y[i] 23 0; 

for (j = 0; j < 64; 

tmp[j] 83 c[j] * xti+63-j]; 
for (j = 0; j < 64; j++) 
y[ij +- tmptj] ; 

> 

} 

We go through the compiling process, and we arrive to the set of optimizations that depends upon 
architectural parameters. We want to split the iteration space, as too many operations would have to be 
performed in parallel, if we keep it as such. Hence we perform strip-mining on the 2 loops. We can 
only access 16 data at a time, so 7 because of the first loop, the factor will be 64*2/16 = 8 for the 2 
loops (as we always have in mind that we want to execute both at the same time on the PACT XPP). 

for (j. =0; i < 961; i* + ) •{ 

y[i] = 0; - 
for (jj - 0; jj < 8; jj++) 
for (j=0;j < 8; j++>* 

tmp[8*jj+j] _ c[8*jj+j] * x[i+63-B*jj-j]; 
for (jj - 0; jj < 8 ; j j++) 
for <j=0;j < 8; j++) 
^ yti] +='tmp{8*j j+j] ; 

And then loop fusion on the Jj loops is performed. 

"for (i = 0; i < 961; i++) { . 
y[i] = 0; 

for (jj * 0; jj < 8; jj++) { 
for (j=0;j < 8;j++) 

tmp[8*jj+j] - c£8*jj+j] * x[i+63-8*jj-jJ; 
for (j=0;j < 8;j++) 

yfi] +=* tmp[8*j j+j ] ; 



Now we apply reduction recognition on the second innermost loop. 
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for {i - 0; i < 961; i++) { 
tmp o> 0; 
for (jj = 0; jj < 8; jj++) 

for (j =0/ 3< 8; j++) 

tmp[8*jj+j] - c[8*jj+j] * xfi+gg.B^jj.jj. 

/ %ir?j t 5*orri*4i*jS> fro " memory using a 3horter vector iength v 

auxfj] = tmp[8*jj+2*j] + tmp[8»j j+2*j+lj ; 

/* accumulate the short vector */ 
for (j = 0;j < 1; j++) 

aux[2*j] = aux[2*j] + aux[2*j+l); 



And then loop unrolling, 

• for (i « 0; i < 961; 
for*(jj - 0; jj 



tmpT3*jj] « 
tmp[8*jj+l] 
trap[8*jj+2] 
tmp(8*jj+3] 
tmp[8*3j+4] 
t'mp[8*j j+S] 
tmp[8*jj+6] 
; tmp [8*j;}+7] 



< 8; 

c[8*jj) * 

- c[B*jj+X1 
*» c[8*jj+2] 
= c[8*jj+3] 
~ C[8*jj+4] 
« c[8*jj+5] 

- c[8*jj+6] 
= C[8*jj+7j 



x[i+63-8*jj]; 
* x[i+62-8*jj] 
x[i+61-8*j j] 
x[i+59-8*jj] 
x[i+58-8*jj] 
xfi+57-8*jj] 
x[i+56-8*jjJ 
x[i+55-8*jj] 



aux[0] 
aux[l) 
aux[2] 
aux[3] 



* tltip[8*jj] + tmp[8*jj+l] f 
« tmp[8*jj+2] + tmp[8*jj+3] ; 
- tmp[8*jj+4] + tmp[B*jj+5); 
= tmp[8*jj+6] * tiup[8*jj+7] ; 



aux[03 « aux£0] + aux[l] ; ~ 
aux[2] - aux[23 + aux[3]; 

y[i] = aux[0] + aux[2] ; 
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Parameter 


Value 


Vector length 


8 


Reused data set size 




i/V UvAMS 


16 


ATTT 
<t\k*\J 


15 


BREG 




FREG 


0 


Data flow graph width 


8 


Data flow graph height • 


4 


Configuration cycles 


4+8=12 



Nevertheless it should be noted that this version should be less efficient than the previous one As the 
same data must be loaded in the different IRAMs from the cache, we have a lot of. transfers to achieve 
before the configuration can begin the computations. Tnis overhead must be taken into account by the 
compiler when choosing the code generation strategy. This means also that the first solution is the 
solution that will be chosen by the compiler. 

5.2.4 Other Variant 
Source Code 

for (i = 0; i < N-M+l; { 
tinp = 0; 

for (j = 0; j < ti f j++) 
• tmp += c[j] * x[i+M-j-l); 
K[i] = tmp; . 

} . 

Lti™f ' * * ^ *? the f** ^pendence graph is cyclic due to dependences onO^. Therefore 
m^?aT S ZJn bd£? ° n * 6 P ' ^ ^ ° btaJn iB ^ * e SamC C ° de 38 the firSt V * reion of * e 

for (i = 0; 1 < N-M+l; i++) { 
tmpfi] » 0; 

for (j 0; j < M; j++) 
• tmp[i] +« c[j] * xli+M-j-l]; 
x[i) - tmpti] ; 

) 
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5.3 Matrix Multiplication 

5.3.1 Original Code 

Source code; 

^define L 10 
#define M 15 
#define N 20 

int A[L] [MJ ; 
int B[M1 [N]; 
int R[L] [NJ; 

mainO { . - 

' int i / j, k, tmp, aux; 

/* input A (i»*M values) */ 
• for(i=0; i<L; i++) - . . 

for{j=0; j<M; j++) . 

scanf( w %d w , &A[i][j]); 

/* input B (M*N values) */ 
for{i=0; i<M; 

for(j=0; j<tt; 

scanf ("%d M , &S[i][j]), 

/* multiply */ 
for(i=0; i<L;i++) 

.for (J=0; j<N; j++) { 
aux ^ 0; 

£or(k=0; k<M; k++) 

aux A[iJ [k] * Btk] [;}]; 
R[i] Cj) - aux; 
} * 

/* write data stream */ 
for(i«0; i<L; i++) 

for(j=0; j<N; j++) 
^ printf <"%d\n", R[i][j]); 

5.3.2 Preliminary Transformations 

Since no inline-able function calls are present, no interprocedural code movement is done. 

Of the four 'loop i nests ; the one with the "/* multiply V comment is the only candidate for running 
partly on the XPP All others have function calls in the loop body and are fcersfore discarded^ 
candidates very early in the compiler. 

Dependency Analysis 

for(i=*0; i<L;i++) 

for (3=0; j<N; f 
SI aux 0; 

for(k«=0; k<M; k++) 
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52 " aux +« A[i][k] * B[k][j]; 

53 RCi] tj] ■ aux; 




Figure 59 Data dependency graph for matrix multiplication 

The data dependency graph shows no dependencies that prevent pipeline vectorization. The loop 
carried true dependence from S2 to itself can be handled by a feedback of aux as described in [1]. 

Reverse Loop-Invariant Code Motion 

To get a perfect loop nest we move SI and S3 inside the k-loop. Therefore appropriate guards are 
generated to protect the assignments. The code after this transformation looks like 

for(i=0; i<L/i++) 

for (j=0; j<N; j++) 

for(k=0; k<M; k++) { 

if (k 0) aux ~ 0; • 
aux +- A(i] [k] * B[k] [j]; 
^ if (k == M-l) R[i] [jj = aux; 

Scalar Expansion 

Our goal is to interchange the loop nests to improve the array accesses to utilize the cache best 
Unfortunately the guarded statements involving aux cause backward loop carried anti-dependences 
carried by the] loop. Scalar expansion will break these dependences, allowing loop interchange. 

for(i=0; i<L;i++) 

for(j=0; j<N; j++) 

for(k=0; k<M; k++) { 

if (k =*= 0) aux[j] ^ 0-; 

aux[j] +- A[l] [k] * B[k].(j];* 

if <k — M-l) R[i][j] - aux[j]; . 

} 



Loop interchange for Cache Reuse 

Visualizing the main loop shows the iteration spaces for the array accesses (Figure60). Since C arrays 
are placed in row major order the cache lines are placed in the array rows. At first sight there seems no 
need for optimization because the algorithm requires at least one array access to stride over a column. 
Nevertheless this assumption misses the fact that the access rate is of interest, too. Closer examination 
shows that array R is accessed in every j iteration, while B is accessed every k-iteration, always 
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producing a cache miss 2 . This leaves a possibility for loop interchange to improve cache access as 
proposed by Kennedy and Allen in [7]. 




<*\ Figure 60 The visualized array access sequences. 

Finding the best loop nest is relatively simple. The algorithm simply interchanges each loop of the 
neste into the umennost position and annotates it with the so-called innermost memory cost te^ ThS 
• cost term ,s a constant for known loop bounds or a function of the loop bound for unkno™ loo? 
bounds. The term is calculated in three steps. J00p 

• First the cost of each reference 3 in the innermost loop body is calculated to 

" loop * e referenCe d ° eS " 0t depend on Ae ,0 °P induction variable of the (current) innermost 

■ the loop count, if the reference depends on the loop induction variable and strides over a 
noncontiguous area in respect of the cache layout 

N-s 

' — » ,f *• Terence depends on the loop induction variable and strides over a contiguous 
^ecrive l ly rQ ^ N ^ l0 ° P ^ S h *~ and b k me «*• line size, 

■ Second each reference cost is weighted with a factor for each other loop, which is 

■ 1 , if the reference does not depend on the loop index 

•• the loop count, if the reference depends on the loop index. 
- Third the overall-loop nest cost is calculated by summing the costs of all reference costs. . 

^Z^^n^^^J^ l0 ° P 85 *? innerai ° St ' * e 0ne With *» ,owest *** * as 
tne innermost, the next as the next outermost, and so on. 



^^^2%*™*" ^ *> ** ^"^"^ fc» «~y (no defc or 
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F v fVlifi UP MM 11 1 II II 



[nnermost loop 




A[i][k] 


BMD] 


Memory access cost 


k 


l'L-N 


M 

T 


M-N 


L>N + 2f-L + M-N 
b 


i 


l-L-N 


ILM 


l-M-N 


L N+L-M + M N ■ 


• 

j 




L-M 


-M 


b 



Table I Loop memory access costs for the different loops being 

innermost 

The table shows the values for the matrix multiplication. Since the j term is the smallest (of course 
assuming b > 1 ), the j-Ioop is chosen to be the innermost. The next outer loop then is k, and the 
outermost is i. Thus the resulting code after loop interchange is 

for(i»0; i<L/i++) 

for<lc=0; k<M; Jc++) 

for(j-0; j<N; j++) { 

if (ft = o) aux[j] = 0; 
auxTj] *- A[i] [k] * B[k][j]; 
if (k M-l)R[i] [j] - aux[j]; 



cache line 



M 





figure 61 The visualized array access sequences after optimization. Here the improvement is visible to the 
naked eye, since array B is now read following the cache lines. 



Figure 61 shows the improved iteration spaces. It is to say that this optimization does not optimize 
pnmanly for the XPP, but mainly optimizes the cache-hit rate, thus improving the overall 
performance. 
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T 5 ehaVl ° r ' f ossibiHt y for reduction recognition has been 
SSSJEb! ,S ^. ,ca ' ex ^P le for formations where one excludes the other. Nevertheless 
Z nnS r£* ^ lI l ISm ^ d01 ^ un r oU -*»<Wain- Therefore we unroll the outer loop partially with 
the unroll factor. This factor is mainly chosen by the minimum of two calculations. • 

- # available IRAMs / # used I RAMs in the inner loop body 

■ # available ALU resources / # used ALU resources in the inner loop 

»^T P !f acc ? ses ? " A ," and " B " de P end on k <* e l0 °P which will be unrolled) Therefore 
they must be consjdered in the calculation. The accesses to «aux» and "R" do not d^end on k S 

Having chosen the unroll factor sve must trim our loop trip count to be a multinl. n f «,., t^..~ c- 
use k loop tea a !oop cons* of 15, w. peel offfte firs, LiTSE^ ^ 
for(i=0; i<L/i++) { 

£or(k=0; k<l; k++) { - 
for(j=0; j<N? j++) . { 

if (k=«?0) auxfjj = 0; 
aux[jj +=A[i][k] * B[k)[j]; 
} lf fc=M-l) R[iJ[j] = aux[j] ; 

) 

for(k=l; k<M; k+=7) { 

for(j=0; j<N; { 

if (k«==»0) aux[j] = 0; 

auxTj]. += A[ij [k] * B[k] [jj; ■ ■ • 

if Ck=« M -l) R[i][j] = aux[j]; 

for(j=0; j<N; j++) { ... 
if (k+l=0) aux[]] = 0; 
.aux[j] += AtiHk+1] * Btk+l) M]; 
} lf (k+1— M-l) R[i][j] - aux[j];- 

fpr(j=0r j<N; j++) ( 

if (k+2=0) aux[j) - 0; 

aux[jj += A[i] [k+2) * B[k+2][13; 
} if (k+2=M-l) Rlijfj] -auxtj], 

for<j=0; j<N; j++) { 

if (k+3=0) aux[j] = o,- 

auxCj] += Ali] [k+3) * B[k+3][j); 

if (k+3==M-l) R[i][j] -auxljj; 

£oc(j=0/ j<N.- j++) { 

if (k+4==0) aux[ jj = 0/ 

aux[j]- +- A[i] [k+ 4 ] * B[k+4][jJ; 

xf (K+4==M-1) Rti] fj] •=»' auxCj]; 



lUS Wry in i ccurat « since it neither estimates the resources spent by the controlling network. 

taSSSSSSSSS Su.T^ 5 * *5 3CCOUnt ?* e,g BREG-PAEs also ha^ade"? whth 
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} 

for(j=0; j<N; j++) { 

if (k+5«~0>. auxtj] «= 0; 

auxfjj += A[i] fk+5] * B[k+5][j]; 

if (k+5==M-l) R[i)[j] = auxtj]; 

for(j»0; j<N; j++) < 

if (k+6==>0) aux[j) = 0; 

aux[j] +=A[i}[k+6] *B[k+6][j]; 

if (k+6=M-l) R[i][jJ = auxtj]; 

) 

} 

Due to the fact that the reverse loop invariant code motion placed the loop invariant code into the inner 
loop which is now duplicated seven times, it is very likely that dead code elimination can get rid of 
some of these duplicates. Thus the code is shortened to 

for(i=0; i<L;i++) { 

for{k=0; k<l; k++> { 

£or{j*=0; j<N; { 

if (k==0) auxfj] =0; • 
^ aux[j] +« A(i] [k] * B[k]Ij]; 

) 

for(k=l; k<M; k+=7) { 

for(j~0; j<N; j++) { ■ 

^ auxtj] += A(i] Ik] * B[k] tj]; 

for(j=0; j<N; j++) '{ 

^ auxtj] += A[i] fk+l] * Btk+lltjl; 

for(j=0; j<N; j++) { 

^ aux[j] +- Ati] fk+2] * Bfk+2] (jj; 

for(j=0; j<N; j++) { 

^ auxtj] += Ati] [k+3] * BIk+3][j];. 

for(j=0; j<N; j++) { ■ 

^ auxtj] +=Ati]tk+4] *BIk+4Jfj] ; 

for(j=0; j<N/ j++) { 

^ auxtj] += Ati] tk+5] *B[k+5]tj]; 

for(j=0; j<N; j++) { 

auxtj] += Ati] [k+6] * Btk+6]fj]; 
^ ir (k+6— M-l) R[i][j] = auxtj];. 

1 

} 

Before we jam the inner loops we have to account for the fact that the first iteration of the k loop was 
peeled of which would produce an own configuration. Since we calculated the unroll-and-jam factor to 
fit into one configuration, this side effect has to be prevented. Because it should he no problem to run 
die k loop with variable step sizes, we fuse the k loops again and adjust the step size and guard the 
statements. This yields 

for (1=0/ i<L;i++) { 

for(k=0; k<M; k+= k<l ? 1 : 7) { 
for (j=0; j<N; j++) { 

if (k==0) aux[j] - 0; 
^ if (k==0) aux[j] += Ati] fk) * B£k][j]; 

for<j=0; j<N; j++) { 
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if (k>0) aux[j] += A[i][k] * B[k](j); 

1 

for(j=0; j<N; j++) { 

if (k>0) auxtjl +— A[ij [k+1] * B[k+l][j]; 

} 

for(j=0; j<N? j++) { 

if (k>0) auxtj] += A[i) (k+2] * B[k+2][j]; 

) 

£or(j=0; j<N; { 

if (k>0) aux[j] +=A[i][k+3] * B[k+3HJ]/ 

> 

for(j=0; j<N,- j++) { 

if (k>0) aux[j] +=A[i][k+4J * B[k+4](j); 

. for ( j=0; j<N; j++) { 

if (k>0) aux(j] += A[i] [k+5] * B[k+5]M]; 

) 

for(j=0; j<N; { . . 

if (k>0) auxtj] += A(i] [k+6] * B[k+6]{j]; 
if (k+6==M-l) R[i][j] = auxtj]; 

1 

} 

Now we can jam the inner loops and finally obtain 

for<i=»0; i<L;i++) { 

for(k=0; k<M; k+= k<l ? 1 : 7) { 
for (3=0; j<N; j++) { 

if (k==0)' aux[j] - 0; 

if (k==0) aux[j] += A[i](k) * B[k][j]; 

if (k>0) { 

aux[j] += ACDCk] * BtkJCj]; 
auxtj] += A[i] [k+1] * B[k+l)fj]; 
aux[j] += Afi] [k+2] *Btk42]tj]; 
aux[j] += A[i] [k+3] + Btk+3]£j]; 
•aux[j] +- A[i] tk+4] •* B(k+4][j]; 
auxtj] += A[i] [k+5] *B[k+5][j]; 
aux[j] += A[i] [k+6] * B[k+6].[jl; 
if (k+6==M~l) R[i][j] = auxfj] ; 



5.3.3 XPP Code Generation 

The innermost loop can be synthesized in. a configuration, -which uses .14 IRAMs for the input data, 
one TRAM to temporary store aux and one IRAM for the output array R. Furthermore it is necessary to 
pass the value of k to the XPP to direct the dataflow. This may be done by a streaming input. Figure 
62 shows the dataflow graph of the synthesized configuration. ' 
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Figure 62 Dataflow graph of matrix multiplication after unroll and jam. The rightmost 3 branches are omitted 
Zvenx connections are emphasized in red color. orancnes are ommea 



The following code shows the pseudo code executed on the RISC 



processor. 
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XPPPreload (config) 
for(i=0; i<L;i++J { • 

XPPPreload(0, &AUH0J, M) 
XPPPreload(l, &A{i] [OJ M)- 
XPPPreload(2, &A[i](0], M) 
XPPPreload(3, &A[i)[0], m) 
XPPPreload(4, &A[i][0J, M) 
XPPPreload ( 5 , &A[i] [0] , M) 
XPPPreload ( 6, &A[iJ [OJ, M) 
XPPPreloadClean(15, &R[1] [0] , M) 
forfk-O; k<M; k+« k<l ? 1 : 7) { 

XPPPrel©ad(7, &B[k] [0] , N) 

XPPPreload(8, &B[k+lJ[0J, nj 

XPPPreload {9, &B[k+2] [OJ, N) 

XPPPreload {10, &B [k+3 J [0] , N) 

XPPPreload (11, &B[k+4J[0J, N) 

XPPPreload (12, &B[k+5J[0J, N) 

XPPPreload (13, &B[k+6J(0J, N) 

•XPPBxecute(config, 1RAM{0), IRAM{1), IRAM(2), IRAM(3), 

IRAM(4), IRAM(5)', IRAM(6), IRAM(7), 
IRAM(8), IRAM{9), IRAM(IO), IRAM(II), 
IRAM(12), IRAM(13), IRAM(15),k) 



} 



} 



SSLS a . th ^. s,?nu, ^ d configuration. The complete multiplication needs about 3120 cycles 
wrthout the preloading and configuration. A typical RISC-DSP core with two MAC untoaS 
S^k i°T ^ needs ° V6r 26000 ^-(when data is in L>S^TmSiS SoS 

oVloSn tm>e t for PrCl ^ dS "* Cache miS5es is ne * ,ected herc > *» valueTp^mSprTvSi 
of 200-300 percent compared to a standalone RISC core. improvements 



Parameter 


. Value 


Vector length 


20 


Reused data set size 


20 


I/OIRAMs 


141 + 1 O + l internal 


ALU 


20 


BREG 


26.(8 defined + 18 route) 


FREG 


28(4 defined +24 route) 


Data flow graph width 


. 14 


Data flow graph height 


6 (without routing and balancing) j 


Configuration cycles (simulated) 


configuration 
preloads 

cycles 

sum j 


2633 

10*3*7*5 1050 
10*7*15 1050 
(k=^0)112 + 
(k=l) 100 + 
(fc=7) 100 
*10^ 3120 
7853 
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5.4 Viterbi Encoder 



5.4.1 Original Code 

Source Code: 

/* C-language butterfly**/ 
#define BFLY(i) {\ 

unsigned char metric, inO,ml, decision; \ 

metric » {(Branchtab29_l[i] syml) + 

(Branchtab29^2 [i] A . sym2) + l)/2;\ 
mO = vp->oldjnetrics [i] + metric; \ 
ml = vp->old_metrics [i+128] + (15 - metric) ;\ 
decision - (mO-ml) >= 0;\ 

vp 7 >new_metrics[2*i] = decision ? ml : m0;\ 
vp->dp->w[i/16]' |= decision « ((2*i)&3l);\ 
mO -= (metric+metric-15) ;\ 
ml +« (metric+metric-15) ; \ 
decision -» (mO-ml) >» 0;\ 
■* vp->newjmetrics[2*i+i] = decision ? ml : m0;\ 
vp->dp->w[i/l6] I* decision << ( (2*i+l) &31) ;\ 



itupdate_viterbi29(void *p, unsigned char syml, unsigned char sym2> { 
int Lj . 
struct v29 *vp = p;- 
unsigned char *tmp; 
int normalize =0; 

for (i=0;i<8;i++) 
vp->dp->w[i] = 0; 

.f.or{i=0;i<128;£++) 
BFLY(i); 

/* Renormaiize metrics */ 
if (vp->new__metrics[0] > 150) { 
int i./ ' • 

unsigned char minmetric - 255; 

for (i-0; i<64 / 

if (vp->new_metrics(ij < minmetric) 

minmetric « vp->new_metrics [i] ; 
for (i«0;i<64;i++) 

vp->new_metrics [i] -= minmetric;' 
normalize = minmetric; 



vp->dp++; 

tmp = vp->old_metrics; 
vp->oldjmetrics - vp->new_metrics; 
vp->new_metrics « tmp; 

return normalize; 
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5.4.2 Interprocedural Optimizations and Scalar Transformations 

Since no inline-able function calls are present, no interprocedural code movement is done. 

^Sr Mb * S ™ pUfi ^^T n8tb . reduction ' SSA renamin & copy coalescing and idiom 
recognition, the code looks like (statements reordered for convenience) 
Note that idiom recognition will find the combination, of mi»0 and use of the comparison result for 
£ t'commentT °"' ™ ** """^ COm P utation caniiot te ******* in cfso w e describe it 

in int P i; te - Viterbi29<V ° id * p ' unsi 9 ned char syml, unsigned char sym2) { 
struct v29 *vp « p; ' 
unsigned char *tmp; 
int normalize = 0; 

Char *_vpdpw_= vp->dp->w; 
for(i~0;i<8; i*+) 
*_vpdpw_++ « 0; 

char *_bt2 9_l~ Branchtab29 1;* 
char *_bt29_2= Branchtab29~2; 
char *_vpom0= vp->old_me tries ; 
char *_vpoxnl28= vp->oldjnetrics+128; 
char* *_vpnm= vp->new_metrics; 
•char *_vpdpw= m vp->dp- >w ; 

for(i=0;i<128;i++) { 

unsigned char met*±c,_tmp, «0 r ml,_m0,_ml, decision, _decision; 

metric =» ( <*_bt:29_l+4- * ayml) + 

(*Jot29_2++ /v sym2 ) + l)/2; 
^tmp- (metric+metric-15) ; 
mO « *_vpom++ + metric; 
• ml = *_vporal28++ + C15 - metric); 
_m0 - mO - _tmp; 
Jftl - ml + _tmp; 
// decision « mO >=> ml; 
// ^decision .= mO >= ml; 

. 63 ?f n p 0 i ml) ' // - decision ? ml : mO 

vSTt >> 4? T« .decision 7 ml : m0 

_vpdpwu » 4] I- ( mO ml) /* decision*/ « (J2*i) & 31) 

I (_m0 _ml) /^decision*/ « ( (2*i+l) &31) ; 

/**Renormalize metrics */ • 
if (vp->new_metrics [0] .> 150) { 

int i; i 

unsigned char minmetric - 255; 

char *_vpnm= vp->new metrics; 
for(i=0;i<64;i++) " 
minmetric min (minmetric, -*vpnm++); 

char *_vpnm= vp->new_me tries ; 
for (i*0;i<64;i++) 

*vpnm++ -« minmetric; 
normalize =. minmetric; 
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vp*>dp++; 

tmp = vp->old__xnetrics; 
vp->oldjmetrics « vp->new_metrics; 
vp->new_metrics « tmp; 

return normalize; 

) 

5.4.3 Initialization 

The first loop (setting vp->dp->w[0..7] to zero) is most efficiently executed on the RISC, 

5 AA Butterfly Loop 

The second loop (with the BFLYQ macro expanded) is of interest for the XPP compiler and needs 
further examination: 

char *iramO- Branchtab29_l; // XPPPreload<0, Branchtab29_l, 129/4); 

Char *iram2- Branchtab29 - 2; // xPPPreload(2, Branchtab29_2, 128/4); 

char *iram4= vp->old_metrics; // XPPPreload(4, vp->old_metrics, 128/*)? 
char *iram5- vp->old_metrics+128; // XFp?reload (5, vp->oldjitetrics+128, 128/4) - 
.short *iram6=* vp->new_jnetrics; // XPPPreload(6, vp->new metrics, 128/2); 
unsigned long *iram7- vp->dp->w; // XPPPreload{7 , vp->dp->w, 8); 
// syml & sym2 are. in I RAM 1 & 3 . • 

for(i=0;i<128;i++) { 

unsigned char metric, _tmp/ mO, ml,_mO,_ml 

metric = { (*iramO++ * syml) + 

(*iraml++ * sym2) + l)/2; 
_tmp= (metric « 1) -15; 
mO - *iram2++ + metric; 
ml = *iram3++ + (15 - metric) ; 
_m0 - mO - _tmp; ■ 
3nl = ml + _tmp; 

// assuming~big endian; little endian has the shift on the latter min() 
*iram6++ = <min<mQ,ml) « 8) { roin(_roO,_ml) ; 
*iram7[i » 4] |= { mO ml) « <{2*i) & 31) 

^ j <_m0 >= jml) « < (2*i+l)&31) , 

The data flow graph is as follows (for now ignoring the feet, that the IRAM accesses are mostly char 
accesses). The solid lines represent data flow, while the dashed lines represent event flow: 



Empfansszeit 2Juli 16:22 



$3 




Empfansszei t 2-Juli 1 B : 2 2 



94 



'ehlerl Unbekanntes Schalterarqument.Era 



Parameter 


Value 


. Vector length 


128 


Reused data set size 




I/O IRAMs 


61+20 


ALU 


25 


BREG 


few 


FREQ 


few 


Data flow graph width . 


4 


Data flow graph height 


11 


Configuration cycles 


n+128 



tte«1 Hm*? ! Pr °M ,S folly bus y readin S ******* *e same address 

sixteen times Loop tiling ; to a tile size of sixteen gives ^redundant load store elimination a chance 
to read the value once and accumulate the bits in the temporary, writing the value to the 1RAM at the 
end of this inner loop. Loop Fusion with the initialization loop then allows propagation of the zero 

Loop tiling with a tile size of 16 also eliminates the & 31 expressions for the shift values- Since the 

*7Z v' l0 ? ° n y fr ° m °i° I 6 ' * e Va ' Ue find * that the* J/ e^re^n is 

not limiting the value range any further. ^ " 15 

^niaining input .IRAMs are character (8 bit) based. So we need split networks to split the 32-bit 

^I^^V^ WHICh ma »" L TWS 3 Shifts > 3 »* *» d 3 merges for 

every ( character RAM. The merges could be eliminated, when unrolling the loop body. However 

already K M bast* unrolling once requires ishift by 16 and an or to write 32 bits in every cycle 
unrolling further cannot increase pipeline throughput any more. So the body is only ^3 oncJ 

slices of the 32-bit value from the IRAM, serialized by merges. 
The modified code now looks like (uniting and splitting omitted for simplicity): 



char *iramO= Branchtab29 X; .// 
char *iram2= Branchtai>29~2; . // 
char *iram4= vp->old_metrics; // 
•char *iram5= vp->oldjmetrics+128; // 
short *iram6= vp->new__metrics; // 
unsigned long *iram7= vp->dp-;>w; // 
// syml «.sym2 are in IRAM i & 3 



XPPPreload(0, 
XPPPreload<2, 
XPPPreload(4, 
XPPPreload(5, 
XPPPreload(6, 
XPPPreload(7, 



Branchtab29_l, 128/4); 
Branchtab29_2, 128/4); 
vp->old_metrics, 128/4 ) ? 
vp->old_jnetries-»-128, 128/4) ; 
vp->new_me tries, 128/2); 
vp->dp->w, 8); 



for (_i=0;_i<8;_i++) { 
rlse= 0; 

for(i2=0;i2<32;i2+=2) { 

unsigned char metric, _tmp, mO, ml, jmO,_ml,- 

metric « ((*iram0++ A syml) + 

(*iraml++ A S ym2) + l)/2; 
_tmp= (metric « 1) -15; 
mo = *iram2++ + metric- 
mi = *iram3++ + (15 - metric); 
jmO a mO - _tmp; 
_ml = ml + _tmp; 

*iram6++ - (min(m0,ml) « 8) | mini xnO, ml); 
rise « rise I ( mO >= ml) « 12 " " 
I (_m0 _ml) « (±2+1) ; 
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*iraiti7++ = rise; 



The modified data flow graph (unrolling and splitting omitted for simplicity): 



Btab28_l 




syml 




Biab29_2 




sym2 


iramO 




irarm 




Iram2 




lram3 



oidmetrtcs+128 
inams 



newmetrics 
iram6 










cm 




f2=2*i 


t - i 
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And here the splitting network for one TRAM: the bottom most level merge is omitted for each level of 
unrolling. 




Parameter 


Value 


Vector length 


123 . 


Reused data set size 




r/OERAMs 


.61+20 


ALU 


2 *24+4*3(split)+20oin)= 62 


BREG 


few 


FREG 


few 


Data flow graph width 


4 


Data flow graph height 


ll+3(split) 


Configuration cycles 


14+64 



5.4.5 Re-Normalization: 

i 

The Normalization consists of a loop scanning the input for the minimum and a second loop that 
subtracts the minimum from all elements. There is a data dependency between all iterations of the first 
loop and all. iterations of the second loop. Therefore the two loops cannot be merged or pipelined. 
They will be handled individually. 

Minimum Search 

The third loop is a minimum search on a byte array. 

char *iramO » vp->new_metrics; // XPPPreioad(0, vo->new metirics, 64/4); 
f or (i=0 ; ±<64 ; 

minmetric — min (mx.nmetric, *iramO++) ; 
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parameter 


Value 


Vector length 


64 


Reused data set size 




I/O IRAMs 


1+1 


ALU 


i 


BREG 


o 


FREG 


0 


Data flow graph width 


t 


Data flow graph height 


1 


Configuration cycles 


64 



Reduction recognition eliminates the dependence foxminmetric enabling a four-times unroll to utilize 
?4J5^ Wldth ° f 32 WtS ' A SpUt notwork ha * to be added to separate the 8 bit streams usin« 3 
SHIFT and 3 AND operations. Tree balancing re-distributes the//i&0 operations to minimize the ttee 
height. 



// XPPPreloadfO, vp->new_met:rics, 16); 



char *iramO » vp->new metrics; 
for (i-0;i<l'6;i++) 

minmetric » min (minmetric, min( min (*iramO++, *iramO++) V 

.rain(*iram04-+ / *iramO++) ) ) ; 



Parameter 


Value 


Vector length 


16 


Reused data set size 




I/O IRAMs 


11+10 


ALU 


4*min 


BREG 


3*shln+3*$hro ' 


FREG 


0 


Data flow graph width 


4 


Data flow graph height 


5 * 


Configuration cycles 


5+16 



Reduction recognition again eliminates the loop carried dependence for minmetric, enabling loop 
ST? .^* e " unroU jam to increase parallelism; the maximum for the tiling size is 16 IRAMs / 2 
- - 8. Constant propagation and tree rebalancing reduces the dependence height of the final 



IRAMS 

merging expression 



char 
char 
char 
char 
char 
char 
char 
char 



*iramO= 
*iraml= 
•*iram2 a 
*iram3* 
*iram4= 
*iram5= 
*iram6= 
+iram7* 



vp->new - 
vp->new_ 
vp->new] 
vp->nevy] 
vp->new_ 
vp->new_ 
vp->new_ 
vp->new" 



.metrics; 
jmetrics+8 ; 
metrics+16; v 
metrics+24; 
metrics+32; 
jmetrics+4 0; 
# metrics+4 8; 
metrics+56; 



// XPFPteloacKO, vp->new. 

// XP?Preload(l, vp->new" 

// XPPPreload(2, vp->new" 

// XPPPreload{3, vp->new* 

// XPPPreioad(4, vp->new" 
// XPPPreloadfS, 

// XPPPreload(6, vp->new" 

// XPPPreload(7, vp->new" 



merries, 2) ; 
metrics+8, 2); 
metrics+16, 2); 
metrics+24, 2) ; 
_merrics+32, 2) ; 
metirics+40, 2) ; 
metri.c3+48 r 2) 
metrics+56, 2) ; 
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for(i=0; i<2;i++) { 



mi nmetricO 


=» min (minmetricO 




min( 


minmetric! 


= min (minmetricl 


# 


min ( 


minmetric2 


= min(mimoetric2 




min ( 


minmetric3 


= min(minmetric3 


/ 


min ( 


minmetric4 


= min (minmetric4 


/ 


min ( 


minrnetricS 


« min{minmetric5 


/ 


min ( 


minmetric6 


» min,(Kiinmetric6 


/ 


min( 


n\inmetric7 


= min(minmetric7 




min ( 



minmetric = min( min ( (min (minmetric_0, 

min (rainmetric_2, 
min ( (min (minmetric_4, 
min (minmetric 6, 



min (*iramO++, 
min (*iramO++, 
min(*iraml++, 
min (+iraml++, 
min (*iram2++, 
miri (*iram2++, 
min (*iram3++, 
min(*iram3++, 
min(*iram4++, 
min(*iram4++, 
min(*iram5++, 
min(*iram5++, 
min(*iram6++, 
min(*iram6++, 
min(*iram7++, 
min(*iram7++, 

minmetricJL) , 
minmetric^3) ) , 
minmetric_ 5) , 
minmetric 7) ) , 



*iramO++) t 
*iramO++) 
*iraml++).', 
*iraml++) 
*irarn2++) , 
*iram2++) 
*iram3++) , 
*iram3++) 
*iram4++) , 
*iram4++) 
*iram5++) , 
*iram5++) 
*iraro6++) , 
*iram6++) 
*iram7++) , 
*iram7++) 



Parameter 


Value 


Vector length 


2 


Reused data set size 




I/O IRAMs 


81+10 


ALU 


8*4*mm = 32 


BREG 


8*(3*shln+3*shrn)=4$ 


FREG 


0 


Data flow graph width 


8*4=32 


Data flow graph height 


5 ■ 


Configuration cycles 


8+2 



Re-Normalization 

The fourth loop subtracts the minimum of the third loop from each element in the array The read- 
mochfy-wnte operation has to be broken up into two IRAMs. Otherwise the IRAM pons will limit 
throughput. 



char *iramO= vp->new^metrics; 
char *iraml= vp->newjme tries; 
for (i=0; i<64 ; i+-f ) 

*iraml++ = *iramO++ - minmetric; 



// XPPPreload • (0/ vp->new_metrics r 64/4) 
// XPPPreloadCleanU, vp-^newjnetrics, 64/4) 
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Parameter 


Value 


Vector length 


L 64 


Reused data set size 


- 


I/O IRAMs 


2I+10 


ALU 


.1 


BREG 


0 


FREG 


0 


Data flow graph width 


1 


Data flow graph height 


1 


Configuration cycles 


64 



char *iramO^ vo->new m^t-^^o. /y XPPPrD . . 

// XPPPreload (0, vp-> n ew metrics, 

// XPPPreioadCleanU, vp->new~metrics, 

minmetric; 



char *iram0^ vp->ne w_ine tries; 
char *iraml= vp->new metrics; 
for (i=0;i<!6;i+-h) { " 

*iraml++ = *iram0++ - minmetric; 
"iraml++ - *iram0++ - minmetric; 
*iraml++ = *iramO++ - minmetric; 
*iraml++ = *iram0++ - 



16) 
16) 



} 



minmetric; 



Parameter 


Value 


Vector length --— — — - 


16 


Reused data set size 




I/O IRAMs 


2i+i° . . . "i 


ALU 


4*4(sub)=16 


BREG 


6*shln+6*shm= 12 


FREG 


0 


Data flow graph width ~~ 


4 


Data flow graph height 


5 


Configuration cycles 


2(spUt>f4*I(sub>+-20oin)=8 ~ 



limited b, TSTi sSeGs used by the SD S S l °° P > but lo °P tiIin 8 is »° w 

64 BRE(js/12 BREGs = 5 which is 1^ hvT'^ 8 ' 00,01,1116(1 tUin S size < unro » ^tor) is 
overhead ' rcp,aCed ° y 4 ' Smce the same th ™ghput is achieved with less 



char 
char 
char 
char 
char 
char 
char 
char 



*iram0- 
*iraml= 
*iram2= 
*iram3« 
*iram4= 
*'iram5= 
*iram6= 
*iram7= 



vp->new_ 
vp->new 
vp->new_ 

vp->new_ 
vp->new~ 
.vp->new~ 
vp->new 



.metrics; 

.metrics; 

metrics+16; 

jnetrics*16; 

metrics+32; 

metrics+32; 

metrics+48; 

metrics+48; 



// XPPPreload (0,vp- 
// XPPPreioadCleanU, vp- 
// XPPPreload. <2,vp- 
// XPP?reloadClean<3,vp- 
// xpppreload (4,vp- 
// XPPPreloadCl<2an(5,vp- 
// XPPPreload (6,vp- 
// XPPPreloadClean<7,vp- 



•>new_jnetrics, 4) 
; >new_metrics, 4 ). 

•>newjnetriCB-rl6, 4 ) 
•>new_rae'tric3tl6 # 4 ) 
>new_metrics+32, 4 ) 
>newjnetrics+32, 4 ) 
>new_raetrics+<l B, 4 ) 
>new_met rics+4 8 r 4 ) 
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for (i=0;i<4 
*iraml++ 
*iraml++ 
*iraml++ 
*iraml++ 

*iram3++ 
*iram3++ 
*iJCam3++ 
*iram3++ 
*iram5++ 
*iram5++ 
*iram5+t 
*iram5++ 
• *iram7++ 
*iram7++ 
*iram7++ 
*iram7++ 



;!++)• { 
= *iramO++ 
= *iramO++ 
*iramO++ 
= *iramO++ 
= *iram2+* 
*= *iram2++* 
■* *iram2++ 
= *irain2++ 

« *iram4++. 
= *irara4++ 
= *iram4++ 
« *iram4++* 
= *ixam6++ 
«= *iram6++ 
- *iram6++ 
*iram6++ 



} 



minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 



// first pipeline 



// second pipeline 



// -tnird pipeline 



// fourth pipeline 



Parameter 


Value 


Vector length 


4 


Reused data set size 




I/O IRAMs 


51+40. 


ALU 


4*(6(split)+4(sub)+6Goin)) = 64 


BREG 


4*(6*shln+6*shm)=48 


FREG 


0 


Data flow graph width 


16 


Data flow graph height 


I 


Configuration cycles 


2(split>f-4* I(sub)+20oin)= 8 



5.4.6 Final Code 

Finally we arrive at the following code: 

int update_viterbi29(void *p, unsigned char syml, unsigned char sym2) { 
int i; . 
struct v29 *vp - p; 
unsigned char *tmp; 
int normalize =* 0; 

// initialization loop eliminated- 
// for (i=0;i<8;i++) 
// vp->dp->w[i] = 0; 



// Configuration for butterfly loop 
char *iram0= Branchtab29_l; 
char *iram2* Branchfcab29_2; 
char +iram4= vp->old_metrics; 
char *iram5= vp->old~metrics+128 
short *iram6= vp->new_met.rics,- 
unsigned long *iram7= vp->dp->w; 
// syml & sym2 are in I RAM 1 & 3 



// XPPPreload(0, Branchtah29_l, 128/4); 

// XPPPreload(2, Branchtab29_2, 128/4); 

// XPPPreload ( 4 , vp->old_me tries, 128/4); 

// XPPPreload < 5, vp->olci_roeT:ric 3+128, 128/4) ; 

// XPPPreload(6, vp~>nGv*_rnatrics, 128/2); 

// XPPPreload (7, vp->dp->w, 8); 
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for(_i=0;_i<8;_i++) { 
rlse~ 0; 

for(i2=0;i<32;i2+=2)' { // unrolled once 
unsigned char metric ,_tmp, mO, ml,_mO,_ml 

metric » ( (*xramO++ * syml) .+ 

(*iraml++ A sym2) + l)/2; 
_tmp= (metric « 1) -15; 
mO = * > iram2++ + metric; 
-ml - *iram3++ + {15 - metric); 
jXiO = mO - __tmp; 
_ml = ml + __tmp; 

►iram6++ - (min(mO,ml) « 8) | min( mO, ml); 
rise - rise I ( mO >» ml) « i2 ~~ ~ 



) 



I (jtlO >=* _ml) « (12 + 1); 



} 



*iram7+-f = rise; 



/* Renormalize metrics */ 
if (vp->new_metrics [0] > 150) f 
int i; 

// Configuration for loop 3 

char *iramO= vp->new_metrics; // XPPPr*load<0, vp->n ew metrics 8) - 

Char" // XW^Wa ^^-CSSUj'i,, 

Char >xram2« vp->new_metrics + 16; // XPPPreload(2, vp^v^s tries* 16 8 

char ^^ eW - me J riCS+ ? 4; " ^^dt3 f ^->new>«Sl24 6 ; b 

char iram4- vp->new_metncs+32; // XP»raload<4. vp->nev metric--^? a 

char *iram5^ vp«>new. metrics+40; // xPPP^inAH/* ^w_merric^32, 8) 

cSr I±™£ ^P->new_ me trics + 48; // XMte.K-dc* S-^SSStlJ; ! 



minmetricO 
minmetricl 
minmetric2 
minmetric3 
minmetric4 
minmetric5 
minmetricS 
minmetric7 

} 

minmetric 



rain (minmetricO 

— min (minmetricl 
= min (minmetric2 
« min(minmetric3 
= min (minmetric4 

"« min (minmetricS 

— min (minmetric 6 

— min(minmetric7 



min{ min (*iramO++, 

min(*iramO++, 
niin( min(*iraml++, 

min(*iraml++, 
min( min(*iram2++, 

.min (*iram2++, 
min( min(*iram3++, 

min(*iram3++, 
min( min(*iram4++ / 

min(*iram4++, 
min( min(*iram5++, 

min(*iram5++, 
min( min (*iram6++, 

min(*iram6++, 
min( min (*iram7+V, 

min(*iram7++, 



*iramO++) , 
*iramO++) ) 
*iraml++) , 
*iraml++) ) 
*iram2++) , 
.*iram2++) ) 
*iram3++) , 
*iram3++) ) 
*iram4-M-) , 
*iram4++) ) 
*iram5++) , 
*iram5++) ) 
*iram6++) , 
*iram.6++) ) 
*iram7++) , 
*iram7++) ) 



min ( min ( (min (minmetricj), minmetric_l) , 
min (minmetric_2, minmetric 3)), 
min ( (min (minmet ric_4 , minmetric_5 ) , 
// w4 min (minmetric 6, minmetric 7)); 

// minmetric is written to the output IRAM " 
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// Configuration for loop 4, minmetric 
char *iramO= vp->new_jnetrics; // 
char *iraml= vp->new]jnetrics; // 
char *iram2= vp->new_metrics+16; // 
char *iram3=» vp->new~metrics+16; // 
char ^irarofl^ vp->new_metrics+32; // 
char *iram5= vp~>new_metrics+32; // 
char *iram6=' vp->new_ntetrics+48 ; // 
char *iram7= vp->new_metrics+48; // 
for (i=0;i<4; i++) { 

*iraml++ » *iramO++ - minmetric; 
*iraml++ = *iramO++ 
*iraml++ = *iramO++ 
*iraml++ =» *iramO++ 
*iram3++ - *iram2++ 
*iram3++ = *iram2++ 
*iram3++ = *iram24-+ 
*iram3++ = *iraxn24-+ 
*iram5++ = *iram4-r+ 
*iram4++ 
*iram4++ 
*iram4-l-+ 
*iram6++ 
*iram6++ 
*iram6++ 
*iram6*++ 



is in an input 
XPPPreload 
XPPPreloadclean 
XPPPreload 
XPPPreloadclean 
XPPPreload 
XPPPreloadclean 
XPPPreload 
XPPPreloadclean 



IRAM 

(0, vp->new 
(1, vp->new_ 
(2, vp->new_ 
(3, vp->new_ 
(4/ vp->new^ 
(5, vp->new_ 
(6, vp->new_ 
(7, vp->new_ 



^metrics, 4) 
merries, 4) 
raetrics+16, 4) 
metrics+16,4) 
metrics+32, 4) 
metrics+32, 4) 
metrics+48,4) 
merrics+48,4) 



*iram5++ 
*iram5++ 
*iram5++ 
*iram7++ 
*iram?++ 
*irant7++ 
*iram7++ 



} 

normalize = minmetric; 



• minmetric; 

• minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric;" 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 



vp->clp++; 

tmp = v p^>old_metrics; 
vp->old_metrics =* vp->new_metrics; 
vp->new_metrics = tmp; 

return normalize; 



// first pipeline 
// second pipeline 
// third pipeline 
// fourth pipeline 



Performance Considerations 

A^^S^JT d r "? W u a hi£h ^ loCaHty ' Evef y in P ut d ^ * s ™* once. Only in 

^Ll W f™ 0 ™* 1 ^™' *e»ew_meiric army is re-read and re-written. To folly utilize the PAE 

3*^7 USed - ,n ^J^on with reduction recognition to break decencies usfng 

S^^T^S!^ T S { u SCarCh) ^ Ieads to ««*y sho « vector lengths. Thfs 

does not hurt as it strfl does reduce the running time of the configuration and the transfer time from the 

°™Z 3 u ?r° n T 35 1mm " the addi *>nai data could be used to increase the fill 
grade of the IRAMs by unrolling the outer loop, keeping the vector length longer. This would ftafer 
increase configuration performance by reducing overall pipeline setup times. . 

!!^!™ an ! e °_ fXP L f °/ thfS eXamplC iS "P"* 1 tb a hypothetical superscalar RISC-architecture. We 

Butteffly j^ nSetup MlnSeafCh NormSetlJ p Norma!5ze 



Operation Cycles 
ADKCOMP 



LD/ST 
LDI 

MOVE 
BITOP 
ADD/SUB 
MULT 

CJMP 

"Cycles ~" 
Count 
Issue Wfdth 
Total Cycles 



Bfly Setup 

5 
3 



Empfansszeit 



T3 

1 

12 

2Juli 



4 

4 
10 
20 

3 
"7CT 



128 
4480 

16:22 



103 



64 

352 



1 



TO" 
64 

320 



Est RISC cycles 

5168 RISC Cycles 



tc» VDD < 
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assume an average issue width of two which means that the RISC on average executes two operations 
ui parallel. The estimate is achieved by counting instructions for the source code in 5.4.2. 
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5.5 MPEG2 encoder/decoder 

5.5.1 Quantfeation/ Inverse Quantization (quantc) 

The quantization file contains routines for quantization and inverse quantization of 8x8 macro blocks 

Sf Se fU . n ™^ S d,f Ff f ° r intra md n on-intra blocks and furthermore the encoder distinguishes 
between MPEGl and MPEG2 inverse quantization. wsimguisnes 

™mZ££££ ^J***** which are candidates for function inlining, since they do not use 

Since all functions have the same layout (some checks, one main loop running over the macro block 
quantmng W th a quantization matrix), we concentrate on "iqnant intra", the inverse quantization of 
mtra-blocks, since it contains all elements found in the other procedures (The non hSFSSSton 
loop bodies are more complicated, but add no compiler complexity). In the source SffLtSS 
is already mime* which is straightforward since the function b statically defined and K 
Son * 6 C ° mpiler inHneS k *»' dead ***** e ^»*tion remove?** whole 

Original Code 

void iquant_intra( sre, da t,dc_j)rec, quant roa't,mquant). 
short *src, *dst/ . . ~ 

int dc_prec; 

unsigned char *quant_mat; 
int mquant; 

{ / 

int i, val, sum; 

if (mpegl) { 

dst[Q] = src[0] « {3~dc prec) ; 

for (i-l; i<64; i++) 

{ ' . 

val ~ (int J (sec [i] *quant_mat [i J *mquant ) /16; 

/.* mismatch control */ 
if ( (val&X)=-0 && vai!=0) 
val+= (val>0) ? -1 : i- 

/* saturation */ 

dst[i] = (val>2047) ? 2047 : ( (val<-2048) ? -2048 ; val); 

.'else 
{ * 

sum « dst£0] src[0] « (3-dc prec) ; 
for (i-l; i<64; i++) 
. { 

val * (int) (src[i]*quant_mat[i]*TO<suant)/16; 

sum+-dst:[i] - <val>2047) ? 2047 : ((val<~2048> ? -2048 : val); 

/* mismatch control */ 
if ((sum&l)==0) 
dst [63] ~= 1; 

} 
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} 

Interprocedural Optimizations 



Analysing the loop bodies shows that they easilv fit to th* vpp *«a a 

resources by far. The function is called thZ> J -1:7 ? , *** do not maximum of 



for (k=0; k<mbjieight*nto_width; k++) { 
if (mbinfo[k] .mb_type & MB INTRA) 
for (j=0; j<block count; w j++) 
if (mpegl) { 



blocks fk*block_count +j ] CO) =. blocks [k*biock_count + 3 ] [Oj « 
for (i=i ; i<64; { C3-dc_prec); 

} else .{ 

sun* = blocks t k*block_count +j] [0J = blocks [k*block_count +j ] £„ « 
for ci-l; i<64; i ++ ) { (3-dc_prec); 

Va ".:. . Un f! ( bl ^^*block_count +j] ti] * intra ^ q fi) , mquant) 

} 

» ... 
} else { 

) 

Basic transformations 

^^^^^ fc IO ° P ~S «oves the control statement outside 

for (k-0; k<mb_height*nib width; k++, { 
if (mbinfo[kJ.mb_type & MB INTRA) 
if (mpegl ) - 



) 

else 



) 

} 



for (j=0; j<block_counf; { 
blocks (k*bloc^count +j][0 ] = blocks [k*block_count+j ] [0] « 
for. (1=1; i<64 . { (3-dc_prec)/ 

} T. .:. .'f??! . ( . blocks t^^ck_coun t+j] tlm ntra_ q[i ] * mquant) /16; 

for (j=0; j<block_count; j++) { 

sun, = bl0 cks [k*block_count +j] rO) - blocks (k'bloc* count+j] [OJ « 
for (l-i; i<6 4; i ++) { (3-dc^prec); 
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Furthermore the following transformations are done: 

Increasing parallelism 

no loop carried dependencies Sst, thh S ^ ^ * Va,U< * Since 

^T^c53S£ ^r^ a h^r a, ? y ^ iteration - This P eel *« h *^« done 
and the the other iterations 

processors. Although this does not orevent unroll ;L^S? Performance decrease on traditional 
the peeled of first teration 21 EhTSrf EST 2| BC> f B there «• no de P e ^ncies between 
suchLes. r6St ° f lo °P>' * e fransformation must be prepared to handle 

ASS SOUrce C ° de l0 ° kS ( ° n,y °" e ° f *• ™« and the peeled first 

for (j-0; j<block_count; j+=2) {' 

vai - unt) (blocks [Jc*count +3 ] t i, *intr..,|i] ^binfb[kj .mqu a nt,»4 ; 
7* mismatch control */ 
if ((val&l)=o s& vali=0) 
val+« (val>0) ? -1 5 1; 

/* saturation */ • 

blocks [k*coimt+j][±] -nln(m«(val # -2048), 2047); 

* ' val « (int, (blocks C k*co«nt +j+ i] Wintaqli] *n*>info [ k) .znguant) >>4, 
/* mismatch control */ 
if C (val&l)==o s& vall^O) 
val+^ (val>0) ? -1 : i, 

/* saturation */ 

Moeksik^coivt+j+lJCi]-,^,^,^; , 2048)f 2Q47); 



} 



S 1 SPI ^ N ™ al * — *o b-ak dependence cycles 
distinct bloi o?ST5£ the t looot sSft j£? " ^ ?° ^nfiguration^ work on 

the data at the same time P mt ° 2 07 m0re ,00 P S which wo * °» Cerent subsets of 



aSSSr* -1 15 Ch ° Sen 35 3 WWking title for conngu^ons which contains independent networks thar do 
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Handling the data types 

In contrast to the FTR-Filter, edge detector and matrix multiplication benchmarks, which all use data 
types fitting perfectly to the XPP* 9 the MPEG2 codec uses all data types commonly used on a 
processor for desktop applications. Written for the Intel x86 and comparable architectures, we must 
assume that the sizes of char, short and int are 8,! 6, and 32 respectively. Assuming that the XPP has a 
bit width of 32 we must take precautions for the smaller data types. 

Therefore we split the stream of data packets with each packet containing 2 or 4 values of the shorter 
data type into 2 or 4 streams. If we have enough resources left* this will cause no performance penalty. 
Each of the divided streams is sent to its own calculation network; therefore in every cycle two short 
or four char values are handled. Nevertheless this causes an area penalty, because besides the split- 
merge elements, the whole data flow graph has to be duplicated as often as needed. Figure 63 shows 
how short values are handled. The packet is split into its hi- and lo part by shift operations and merged 
behind the calculation branches. The legality of this transformation is the same as with loop unrolling 
with an unrolling factor as big as the data type is smaller as the architecture data type. 

Unfortunately this is not the end of the pole. The compiler further has to assure that every intermediate 
result which produces an over/under-flow for the shorter data type does the same with the bigger data 
type. Therefore it has to insert clipping operations which assure that the network calculates with real 
1 6 or 8 bit value, respectively. 




netwoik 




network 


for hi. 




for Jo- 


word 




word 









16 






Oxffff 



Figure 63 Splitting short values into two streams and merging them 
after the calculation. This method causes no performance penalty 



* We assume that the size of int is chosen to be the XPP architecture data bit width. Everything else would not 
lead to any feasible result 
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Fehlerf Unbeka nntes Schalteraroumentl 



I 



If the configuration size does not allow the whole loop body to be duplicated or dependencies prevent 
this, we still have the possibility to merge the split values again. This of course causes a Derformance 
penalty to the previous solution, because the throughput is only one (short) value/cycle now.Figure 64 
shows how the merge is done. Instead of streaming parallel through two networks the values are 
serialized and de-serialized again after the network. 




|£vtnt Generator J 



Figure 64 Merging the split values before the network. An event 
generator drives the merge and demux PAEs. This figure replaces the 2 
black boxes labeled "network" in Figure 63 



5.5.2 Inverse Discrete Cosine Transformation (idctc) 

of ATS ^ * e MPEG2 decom P ression a lS<*ithn, It operates on 8x8 blocks 

?h^?r ?? / eqUenC ^ re P resea * tioft «* transforms them back into their original signal 
fonn The MPEG2 decoder contams a- transform-function that calls idct for all blocks of a frequency, 
transformed picture to restore the original image. q n y 

The idct function consists of two for-loops. The first loop calls idctrow - the second idctcol Function 
mkning ,s able to ehminate the function calls within the entire loop nest structure so S the tumeric 

%t ll T™*?^ 63,18 anymore - Another w ^ to Set rid of function calls between the 

loop nest ls loop embedding that pushes loops from the caller into the callee. 

Original Code (idctc) 

Cl^/i^* 3 -?** 1 inverse discrete cosine transform */ 
void idct (block) 

short +block; 

C . 
int i; 

for (i=0; i<8; 

idctrow (block+8*i) ; 

for (1=0/ i<8; i-t-+) 
idctcol (block+i) / 
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The first loop changes the values of the block row by row. Afterwards the changed hTo^w i. * 

cotan by Ml „ m , AU rows have «o ^is^^wtro^ SSt 



x idctrow 



8xidctcol 



result 



Dependency analysis detects true data dependencies between mw • , , 

Therefore the processing of the columns has to£ delayStS ?o^s SoTe ^ 

bodies idctrow and idctcol are nearlv iHenri^i tu~, ■ one ' 7116 ,,aner raost loop 

value, (column valu^roasTo^ ^uS^^esTclT^ TS^T ° n eight 

calculated and written back (as co Wrowf rSSiLi^ J**?* Elght ° Ut P ut va,ues «• 

written back. This is why we concede o^'JS ^ bes cb ^ the values are 



/* column (vertical) IDCT 



7 pi 



* d S t[8*k] = 3U» cUl * .rcC8.I] * co 8 , + 

* ~ '8 2 
where: c[0] = 1/1024 

* c[l,.7] - (1/1024) *sqrt (2) 

static void idctcol (blk) 

short *blk; 

{ 

int *0, xl, x2, x3, x4, x5, x6, x7, x8; 



/* shortcut */ 

If C!C(xl -•(blJc[8*4]«8)) | («2 -blk[8*61J I 

SlSiSSi ! ^ = Hi 1 ** 1 " 1 W-blk[8.7), 
ixo - 0J.K[8*5J) | ( X 7 = blk[8*3]))) J ' 



{ 



blk ( 8*6]=blk[8*7].iclp t (blk[8*i] + 32)»6); 1 3 " 



return; 

} . . 

x0 - (blk[8*0]«8) + 8192; 

/* first stage */ 

x8 = W7*(x4+x5) + 4; 

x4 - <X8+(W1-W7)*x4)»3; 

x5 = (x8~(Wl+W7) *x5)»3; 

x8 - W3*(x6+x7) + 4; 

x6 - (x8- (W3-W5) *x6) »3; 

X7 = (x8-(W3+W5)*x7)»3; 

/* second stage *•/ 
x8 - x0 + xl; 
xO -= xl; 

xl = W6*(x3+x2) +4/ 

x2 = (xJ.-<W2+W6)*x2)»3- 

?3 . (xl+(W2-W6)*x3)»3; 
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xl = x4 -f x6; 
x4 -= x6; 
x6 « x5 + x7; 
x5 -= x7; 



/* third stage */ 
x7 « x8 + x3; 
x8 -= x3; 
x3 - xO + x2; 
xO — x2; 

x2 - (181*(x4+x5)+128)»8; 
x4 - (181*{x4-x5)+128)»8; 

/* fourth stage */ 
blk[8*0] - iclp[(x7+xl)»X4] 
blk[B*l] - iclp[ (x3+x2)»14] 
blk[8*2] = iclpt (x0+x4)»14] 
blkC8*3] m iclp[ (x8+x6)»14] 
-blk[8*4] — iclp[ (x8-x6)»l4] 
blk[3+5J = iclpt (x0-x4)»14] 
bXk.[8*6] m iclp[ (x3-x2)»14] 
blk[8*7] m iclp[(x7-xl)»14] 
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Wl - W7 are macros for numeric constants that arc substituted by the preprocessor The icln arr» v ?c 



called the first time: 

void init_ic(ct() 
{ 

inr i; 

iclp = iclip+512; 
' for (i=* -512; i<512; i++) 
iclp(i) = (i<-256) ? -256 



((i>255) ? 255 : i); 



tEZbSfS u ^nition (function recognition) is able to replace the 
calculate of each array element by a compiler known function that can 
reahzed efficiently on the XPP. If the compiler features whole program memoS 
abasing analysis it is able to replace all uses of the iclp an^ widXcaTof^ 
compiler known function. Alternatively a developer caTnLace 21 SK IJ^ 
= manually By me compiler ^o™ XZT!5k?\3£ "g 
illustration shows a possible implementation for saturatefvaLn) « J? 



va! 







A B 

SORTu 

X Y 


! 

I 


1 E3 




uSORT 

X V 







saturate(vaJ,n) 



cannot be applied. But nonetheSL ot t W !?°P mvariant loop unswitching 

possible to synmesiz^ndiSns tandKnB is wel1 suited for me *PP- » is 

based on coS teStSS S^SpA^^r^ 8 ^ ° f bo * blot * s P 1 "* -lection 
/♦shortcut*/ code in idctrow and idc^Th^ £ a ° y P erfonnan <* benefit. Therefore the 

void idee (block) 

Short *block; 
{ 

int i; 

XPPPraload(IDCTROW_CONFIG); // Loop Invariant 

for (i=0; i<8>- i++) { 
short *blk; 

'iS :°ii£e;&/ 3 '. x4 - * 5 - * 6 - "< -» 

XPppreloa<3(0, blk, 8) ; 

. XPPE^ecutedDCTROW^CONFIG, IRAM(O) , IRAM(l) ) . 

for (i~0; i<8; { 
} 
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NML Code Generation 
. Data Flow Graph 

As idqtcol is more complex due to clipping at the end of the calculations we decided to take idctcol as 
representative loop body for a presentation of the data flow graph. 

The figure on the next page shows the data flow graph for the IDCTCOLUMN CONFIG. A heuristic 

£££ Em^SS? esfenate resource needs on the m - to Wexan * le * e heuristic 





|ADD,SU8 


MUL 


«X,»X 


Saturate(x,n) 


ups needed 


| 35 


11 


18 


8 




ALUs 


FRGGs 


BREGs 




Kes. left 
Res. avail. 


64 


80 

80 . 


45 
80 





Fortunately the data flow graph fits into an XPP64 and we can proceed without loon disieverirxr 7 
(splitting the loop body into suitable chunks) for this example P . dlsseverm S 



'j^^iSST^ TeinPOraI * rtW "*« for PACT-XPP Architecture, J,M. P. Cardoso 



and 
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Address Generation: 



Tofclly synthesize the loop body we have to .face the problem of address generation for accessmg the 



For IDCTCOLUMN_CONFIG we have to select the n* element 

sh«!^;«' ^ U S5. tWO C0Untcr macros for generation as 

shown oppose. The upper counter increments by eight and the 

o^Tcnr\l^^ T** 15 paSSed to the *** A° w graph 
! f?.^«^ N - If 411 (eisht) row eIeme ^ ^ a column ie 

and the calculation for a new column begins. 

For the roCTROW_CONFIG the address generation is very 
simple as thelRAM already contains the block in the tJpLS L 

'^ LS ;^ macros ^ desWin^Se 

XPP tutonal it ts possible to map li„ C ar address expressions to 
NML-code in a generic way. As IDCTROW CONFIG accessed a 
two-dunensjonal array we need two SlUP-countere T fte 
corresponding NML code. TTxe column-elcmcn^e to t 

te^erZf?* fOW 80 the " Pper is one and 

~ is eight. However, the NML code 

for this access pattern (0..., 5,6,7,8,9,... 63) can be reduced to one 
single counter (or to FIFO-mode IRAM access) 



end Inc step 

SIUP 

X u 



3 



IN WR RO 

IRAMO 

OUT 




sopftisticated XPP-cache controller te by *" MSC-core or by a more 

Further Enhancing XPP Utilization 

video image (loop in transform., 

meant thai only 64 <8 times 8 element of « nSSSISjS * on * e »P which 

that we have to wait then until all data left S£riS£3SK P roc u essed * rou S« this pipeline and 
the IDCTCOLUMN CONFIG conZ««o„ J. T I" 6 ^ k fore , We can change the XPP configuration to 
something is suboptimal in our eSmp^ * S ° °" W,th COlumn Posing then it gets obvious that 

Problem (Pipeline Depth) 

are unused. Pipeline are idle and then the units at the begin Pipeline Depih 



IDLE 
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Solution (Loop Tiling) 

^tS^ row and column 

several blocks of the ta£ J has Sta^t^p^^ transforms) on 

can be moved inside the loops of column ZS^^SST^ d ? eB *«cw. Therefore this loop 



can be moved inside the loops of column and row processing. 
// transform. c 



for (n=0; n<block_count; n++) { 

} idct (blocks [**block_count + nj); // block_count is 6 or 8 or 12 



o 

• o 

3" 

CD 

3 

CD 



// idct.c 

short *block; 
{ 

int i; 

for (i=0; i<8; i++) 
— 



> 



idctrow(block+8*i) 
for <i=0; i<8; i++) 



idctcol (block-f-i) ; 



Constraints (Cache Sensitive Loop Tiling) 

P--^^^ - ff - *• —her of blocks that will be 

IDCTCOLUMN CONFIG coafieu«Jon"l 1 ' We , 0eed the same blocks in the subsequent 

size so that the processed data fits So AeTache P S te be app,ied res P ect to *e cache 
IRAM reuse between different configurations 
This example implies another bandwidth optimization that is iust a 
Srr Vera ° n f f l0 °P tiH "S. InStead of transfe^dia 

Uie output IRAM of Config A as input IRAM of Config B. S 




Putting ail together 



Shared IRAM 



Config 
A 



Output IRAM 



Config 
B 
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If we apply cache sensitive loop tiling, IRAM reuse and function inlining we can further optimize our 
example: 

Finally the idct-function gets completely inlined in transfbrm.c. If block_count is e.g. 6 and we assume 
that 64*6 words do not exceed the cache size then we can transform the example to: 

// transforms 



block = blocks [k*6]; 
XPPPreXoad(IDCTROW_CONFIG) ; 

XPPPreload(0,block764*6) ; // IRAMO gets 64 words from S blocks 

xpppreloadclean <1, block, 64*6) ; // erase I RAMI and assign to the 6 blocks 
XPPExecute ( IDCTROW^CONFIG, IRAM ( 0 ) , IRAM ( 1 ) ) ; 

XPPPreload ( IDCOLUMN_CONFIG) ; 

XPPPreload Unlock, 64*6) ; // redundant -> will be eliminated 

XPPExecute ( IDCOLUMN_CONFlG, IRAM ( 1 } , IRAM (2) ) ; 



The address generation in IDCTROW^CONFIG and ©COLUMN CONFIG has to be modified for 
reflecting the different data block size - caused by loop tiling - that* has to be processed. This can be 
implemented by an additional SUIP counter that generates the block offsets inside the tiles. 



lock offset 




block_count = 6 



The table contains architectural parameters for IDCTROW^CONFIO and IDCOLUMN_CONFIG of 
the final result It relies on a cache that is able to store biock_count blocks. As two configurations are 
executed in this example the configuration cycles have to be taken twice and therefore the total 
configuration cycles are 2 x (biock_count x 64 + (12 + 2 x 8) x 2). 



Parameter 


Value 


Vector length 


Swords 


Reused data set size 


block_count x 64 words 


I/OIRAMs 


3 (one shared) 


ALU 


45 FUs 


BR£G 


41 FUs 


FREG 


36 FUs 


Data flow graph width 


S 


Data flow graph height 


12 


Configuration cycles 


blockjxmnt x 64 + (12 + 2*8) x 2 
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Performance Considerations 

In this example it is possible to exploit high data locality which means mat many operations are 
performed on a limited memory range. The performance of the proposed XPP solution is compared to 
a hypothetical superscalar RISC-architecture. We assume an issue width of two which means that the 
RISC executes on average two operations in parallel. 



Ops for Row/Column 
LD/ST 16 
ADRCOMP 16 
ADD/SUB 35 
MULT 11 
SHIFT 18 
SAT ,8 
issue Width 



Est. RISC cycles 

2 32 

1 16 

1 35 

2 22 
1 18 
4 32 



Proc. Rows 
Prop. Cols 



8 

8 



RISCCyc/Blk 
XPP Cyc/BJk 



2135" 
Cyc/Row(Col) ~T8~ 

620 
620 

rair 



Speedup 



with data duplication+reordering 24 
10 with data duplication+reordering 52 



Even though speedup is reasonable ft . gets obvious that fetching the input data from a single (RAM 
(which means that we have to feed the eight inputs in eight cycles before processing is started) reduces 
the potential speedup significantly. With other words we have a pipeline that is able to process eight 
input values per cycle but we are loading the pipeline only every eighth cycle. This causes that only 
every eighth pipeline stage is filled The figure below illustrates this: 



without 
a duplication 



with 
data duplication 



Sl? 8 ?^ MW T d ° nIy by loadins Ac cight in P ut vaIues of PU*fo* in one cycle. A 

^h^^^^oT VTW9 memor * A*wwhp»t *° *e pipeline is data duplication as described* in 

I 2%S° Si \ 8X u 8 W0CkS t0 3 Single TRAM we use ^XPP^eloadMultfpIe command to 
Ipad the eight IRAMs with the same contents; WAU lu 



// 1RAM0 gets 64 words from 6 blocks 



XFPPreload(0, block, 64*6) ; 
is changed to: 

XPPPreXoadktaltiple(OxFF, block. 64x6) // load IRAMO up to IRAM7 with blocks 
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Now the pipeline gets fully utilized and we also have to store eight results per cycle. This can be 
achieved by writing every output value to another IRAM which additionally takes eight more IRAMs 
(using data dupbcajton in this example needs all 16 IRAMs of the XPP64). For stortmz the dara that is 
generated with IDCTRO W_CONFIG we have to change: 

»»zeloadCl«n(l # block # 64*6); // erase I RAMI and assign to the 6 blocks 
to: 



tmpsize =64*6/8; 

XPPPreloadClean( 8, block+0* tmpsize, tmpsize) • 

XPPPreloadClean( 9, block+l*tmpsize, tmpsize)- 

XPPPxeloadClean(10, block-f2*tmpsize, tmpsize); 

XPPPreloadClean(ll, bl oc k+3*tmpsize, tmpsize); 

XPPPreloadClean(12 # block+4 'tmpsize, tmpsize) ; 

»PPreloadClean(13, block+5*tmpsize, tmpsize); 

XPPPxr Q loadClean(l4, block+6*tmpsize, tmpsize); 

XPPPreloadCleanflS, block+7*tmpsize f tmpsize); 

This causes different data layouts for the intermediate results 
(REORDER_CONFIG) to restore the original data layout. 



// IRAMO 
// I RAM 9 
// IRAM10 
// -IRAM11 
// IRAM12 
// IRAM13 
// IRAM14. 
// IRAM15 



for 
for 
for 
for 
for 
for 
for 
for 



internw 
in term, 
interm. 
in term, 
interm • 
interm. 
interm. 
interm. 



Rslt 
Rslt 
Rslt 
Rslt 
Rslt 
Rslt 
Rslt 
Rslt 



ICXTROVVCONFIG 



RAMO 
p IQ 
RAM7 

RAMS 



IDCTCOLUMN.CONFIG 







Bjk 





CdtcwO 

oiemotoBiks 




- We need an additional configuration 



RE0RDER_CONHG 




IRAM13 



RAW 15 



IMP 



atpkOioBncS 



(RAM15 



Row 7 

OtB\OtoDTx3 



Ii 
■M 



Again address generation has to be modified to fetch eight input values per cycle. This on the one hand 
add,t, ° nal 3ddefS ' bUt ° n &e otherh ~d P 5 swaps id Se.S kcep^gTeS 

Data duplication and data reordering finally transforms the example code to: 

•// transform, c 



IRAM7 with blocks' 



block = blocks [k*6]; 
XPPPireioacl ( I DCTROW_C0NFIG ) ; 

XPPPyeloadbfaltipletOxFF, block, 64x6) // load I RAMO up to 
tmpsize = 64*6/8; // result gets separated into 8 tr^L 
^PPreloadClearxC 8, block+O^mpsizeHmpstze? " 
XPFProload01*an< 9, block+l*tmpsize, tmpsize 
»PP*«loadcieaa(10. blocJc+2*tmpsi*e, tmpsize 
»PPreloadClean(ll, block + 3*tmpsize tmjsize 
OTPPreloadCleanaa, block + 4*tm P size, tmpsize 

Spp re J° a ^" ean i"' bloek + 5*tn, pS i 2e/ tmpsize) 
»PPreloadCl e an(l4, block+6*tmpsize, tmpsize 
^PPreloadCleanUB, block + 7*tm£ si ze 4 Le ; / 
XPPExeoute(rDCTR0W_CONFIG, IRAM (0-7 > , IRAM(8-1S) , , 

XPPPreload(I.DCOLUMN CONFIG); 

XPPPreloadClean 9 bSkt?*SlSi' * mpsize 7 '/ IRAM8 f or interm. Rslt 2 
XPFPr^adcleanU,' SSSJ-SSS: 5K3 \ '/, JSSo llr SS.' SSJ I 
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// I RAM 8 
// I RAM 9 
// IRAM10 
// XRAMll 
// IRAM12 
// IRAM13 
// IRAM14 
// IRAMIS 



for interm. 
for interm > 
for interm. 
for interm, 
for interm. 
for interm. 
for interm. 
for interm. 



Rslt 
Rslt 
Rslt 
Rslt 
Rslt 
Rslt 
Rslt 
Rslt 



Empfansszeit 2 - Ju I i 16:22 



XPPPreloadClean ( 1 1 , 
XPPPreloadClean (12, 
XPPPreloadClean ( 13 , 
XPPPreloadClean ( 1 4 , 
XPPPreloadClean (15, 
XPPExecute (IDCOLDMN 



block+3+tmpsize, tmpsize) / // I RAMI 1 for interm. 
block+4*tmpsize, cmpsize); // 1RAM12 for interm. 
S^ 00 ^^ 3 ?- 26 ' tm P si2 ^' // IRAM13 for interm. Ksit 
S .Tl!^ mpS f 2e ' tm P siz ^J' // IRAM14 for interm. Rait: 
block+7*tmpsize, tmpsize); // IRAM15 for interm Rsl*« 
CONFIG, IRAM(0-7) , IRAM(8-1S) ) ; * Slt 



Rslt 
Rslt 
Rslt 



XPPPreload (REORDER CONFIG) ; 
XPPPreloadttultipleTOxFF, block, 64x6) 
rsltsize « 64; // 64*6/6; 
XPPPreloadClean ( 8, block+0*rsltsize, 
XPPPreloadClean! 9, block+l+rsltsize, 
XPPPreloadClean (10, block+2*rsltsize, 
XPPPreloadClean (11, block+3*rsltsize, 
XPPPreloadClean (12, block+4*rsltsize, 
XPPPreloadClean (13, block+4*rsltsize, 
XPPBxecute (IDCOLUMN^CONFIG, IRAM{0-7) 



rsltsize); // IRAM8 for final 
rsltsize) ; // IRAM9 for final 
rsltsize) ; // IRAM10 for final 
rsltsize); // IRAMll for final 
rsltsize); // IRAM12 for final 
rsltsize); // IRAM13 for final 
IRAM(8-13)); 



Rslt 
Rslt 
Rslt 
Rslt 
Rslt 
Rslt 



// Id IRAM0-IRAM7 with interm. Rslt 2 
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5.6 Wavelet 



5.6.1 Original Code 

void f orward_wavelet ( ) 
( 

int i,nt, *dmid; 

int *sp, *dp, d_tmpO, d_J:mpl, d_tmpi, s tmpO, s tmpl; 
int mid, ii; ^ ~ - 

int *x; 

int s[256],d[256]; 

for Xnt«COL;nt>=BtOCK_SIZ£;nt»=l) { 
for (i-0/i<nt*COL/*trt^_nt*/;i+=cOL) { 

x - &int_data(i] ; 
m±d=(nt»l)-l; 

s[0] = x[0); 

d[0] « x[ROWJ/ 

sCH - x[2]; 

s [mid] = x[2*midj ; 

d[mid] = x[2*mid+R0W] ; 

ct[0]«(d[0]«l)-s[0] : -s [1]; 
s[0]«s[0] + (d[0]»2); 

d__tmpO a d[0] ; • 
s_tmpO = s [l] ; 

fox(ii=l; ii<mid; ii++) { 
s_tmpl =» x[2*ii+2]; 

d_tmpl = < (x[2*ii+R0W] )«1) - s tmpO - 3 tmpl; 
d.(ii] = d_tmpl; " ~ 

s [ii]* s_tmpO+ ( (d_tmp6+d_tmpl) »3) ; 
d_tmpO « d_tmpl; 
s_tmpQ = s^tmpl; 

} 

d [mid] - ( d [mid] -s [mid] ) «1 ; 

s tmid) «s [mid] + ( (d [mid-1 ] +d [mid] ) »3) ; 

for(ii~0/ ii<=mid; ii++) { 
X[iiJ=s[iiJ; 
x[ii+mid+l]=d[ii] ; 

} 

> 

for (i=0;i<nt;i++> { 

x - &int_data(i] ; 
mid^(nt>>l)-l ; 

s[0] » x[Or; 
. d[0] = x[COL]; 

s[l] » x[COL«l); . 
s[mid] - x[ (C0L«1) *mid] ; 
dfmid) « x[ (COL«l) *mid +COI/J 
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d[0] = (d[0]<<l)-s[0]-s[l] ; 
s[0]=s[0] + (d[0j»2) ; 

d_tmpO m d[0]; 
s_tmpO « s[l]; 
for(ii=l ; iKmid- ii++) { 
. s_tmpl a x[2*C0L* (ii+1) ] ; 

d tnpi -<x[2tCOL*ii+C0L]<<l) - s tJnp0 - s tmol; 

d[iij = d_tmpl; - m 

s f ii] « s_tmpO+ ( <d_tmpO+d tropl ) »3) / 

d_tinpO = d_tmpl; 

s_trapO - s tmpl; 
> ~~ 

d[mid]-(dfmid]«l) ~(s[mid]«i) ; 

s [mid] =s [mid] 4- ( (d [mid-1] +d [mid] ) »3) ; 

for{ii=0; iiomid; ii++) { ' * 

x[ii*COL]-.stii]/ 
^ x[ Ui+mid+l)*COL]=d[ii] ; 



5.6.2 Optimizing the Whole Loop Nest 

void forward wavelet (1 
{ 

int i,nt, *dmid; ... 

S 25: 1?- ' d - tn,p0 ' d - tmpx ' d - tmpi - s -^°' •-t-*!/ 



int *x; 
int s.[256] / d[256J; 

for (nt«64/nt>= 16;nt»=l) { 
for (i=0;i<nt*64;i+=64) { 

x = &int_data[i] ; 
mid=<nt»l)-l; 

. s[Q] = x[0]j ' 
• .dfOJ - x[l]; 

S[l] = x[2]; 

s[midj » x[2*midj; 

d[mid] « x[2*mid+l] ; 

•d[0]«(d[0]«l)- S [0]^s[l]; 
s[0]-st0] + (d[0]>>2) / 

d_tmpO = d[0] ; 
s_tmpO = s[l] ; 
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) 

} 



for{ii=l; ii<mid; ii++) { 

d[ii] _ -({x[2*i±+l])«xj - s tmpO - x[2*ii+2]; 
s [ii]= s_tmpO+ ( (d_tmpO + d[ii] ) »3) ; 
d_tmpO - d[ii] ; 
s__tmpO « s [ii] 

} 

d[mid] = (d[mid]-s [mid] )«1; 

s (mid]=s [mid] + ( (d [mid-1] +d [mid] )»3) ; 

foa:(ii=0; iiomid; ii++) [ 
. x[ii]=s[ii] ; 
x[ii+mid+l]«d[ii] ; 

} 

} 

for (i-0;i<nt;i++) { 
x = &int_data[i] ; 
mid=(nt>>i)-i; 

s[0] x[0]; 
d[0] x[64]; 
S[1J « x[128]; 
s[mid] = x[128*mid] ; 
d[iuid] « x[128*mid +64]; 

d[0] = (d[0]«l)-»s[0]-s[l] ; 
s[O]«s[0j + (d[0]»2); 

d_tmpO = d[0]; 
s_tmpO = s[lj; 

for(ii=l; ii<mid; ii++) { 

dfii] -(xH28*±i+64J«l) - s_tmpO - x [128* (ii+U ] ; 
sUiJ= s_tmpO+( (djanpff + d[ii])»3): 
d_tmpO = dtii] ; 
5_tmp0 - s[ii] ; 

} 

d[zhid] = (d[mid]«l) -(s[mid]«l); 

s [mid]=s [mid] + ( (d [mid-1] +d(mid] ) »3) ; 

for(ii=0; ii<=mid; ii++) .{ 
X[ii*64]=s[ii] ; 
x£ (ii+mid+1) *64]~d[ii] z 

) 
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Parameter 


Value 


Vector length 


mid-2 


Reused data set size 




I/OIRAMs " ~~ 


6 


ALU 


6 


BREG 


0 


FREG 


2 


Data flow graph width 


2 


Data flow graph height 


6 ' 


Configuration cycles • 


6+(mid-2) 



Parameter 


Value 


Vector length 


mid 


Reused data set size 




I/OIRAMs 


6 


ALU 


0 


BREG 


0 


FREG 


.0 


Data flow graph width 


2 


Data flow graph height 


1 


Configuration cycles 


mid - 



for (nt=64;nt>= a6;nt»=<L) < 
for (i=0;i<nt*64;i+=64) { 
x = &int_data[i] ; 
mid=(nt»l)-X; 

s[0] = x[0J 7 
d{0] - x[l); 
s[l] - x(2]; 

s[mid)* a x[2*mid] 
dfmid] «[2*mid+lJ/ 

d[0]^{df0]«l)^s[0]- s [l]; 
srQ]^s[0]-Kd[0J»2); 

d^tmpO « d[0] ; 
s_tmpO = s [lj ; 



U4 



EiDPfangszei t 2 . Ju I i 16:22 



Fehler? Unbekanntes Sdialteramument Bcaeu^Ajummaty 



} 



for(ii=l; ii<mid; ii++) { 

d[li) =( Cx[2*ii+1] )«l) - s_tmpO - x[2+ii+2]; 
s[ii]=* s_tmpO+ ( (d_tmpO + d[ii])»3); 
d_tmpO = d[ii] ; 
s_tmpO = s [ii] ; 

} 

for(ii=l; ii<mid; ii++) { 
x[ii]=s[ii); 
x[ii+mid+l]=d[ii] ; 

} 

d [mid] - (d [mid] [mid] ) «1 ; 

s [mid] *=s [mid) + { (d [mid-1 ] +d [mid] ) »3 ) ; 

x[0]=s[0]; 
x[mid+l]^d[0]-; 
x [mid] =3 [mid] ; 
x[2*mid+l]= d[mld] ; 



for ( i=0 ; i<nt ; i++ ) { 
x « &int — data[i] ; 
mid=(nt»l)-l; 

S[0) - x[0]/ 
d[03 ~ K[6A); 
S[1J - x[128J; 
s[mid] « x[128*micl]/ 
d[mid] « x[128*mid + 64); 

d[0J«(d[0]«l)-s[0]-s[l] ; 
s'[0]=a[0] + (d[0]»2); 

d_tmpO = d[0); 
s_tmpO = s [1] / 
£or(ii=l; ii<mid; ii++) { 

d[ii] =(x[128 *ii+643«l) - s tmpO - x[128 +<ii+l)] ; 

s[ii]-- s_tmp(H( (d_tmpO+d tmplT»3) ; 

d_tmpO = d[ii] ; ~ 

s_tmpO = s[ii] ; 

} 

for(ii=l; ii<mid; ii++) { 
x[ii*64J=»s[ii) ; 
x[ (ii+mid+l}*64 J=d[ii] ; 

} 

d[mid] = (d[mid]«l) -(s[mid]«l); 

s [mid] =s [mid] + ( (d [mid-1 3+d [mid] )»3) ; 

x[0]=s(0]; 

x[ (mid+1) *64)=d[0) ; 

x [mid* 64 ] =s [mid J ; 

x [ (2*mid+l ) *64 ] =d [mid) / 



After loop peeling the only change on the parameters is the vector length. The tables become: 
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Parameter 


Value 


Vector length 


! mid-2 


Reused data set size 




I/O IRAMs 


6 


ALU 


2 


BREG 


0 


FREG 


2 


Data flow graph width 


2 


Data flow graph height 


6 


J Configuration cycles 


6+(mid-2) 




Parameter 


Value 


Vector length 


rnid-2 


Reused data set size 




I/O IRAMs 


6 


ALU 


0 


BREG 


0 


FREG 


0 


Data flow graph width 


2 ■ 


Data flow graph height 


I 


Configuration cycles j 


mid-2 



follow,*- loopTeS P a " d * e ,nstruct101 * fonnerly in the first loop. We obtain the 

for (nt»64;nt>= 16;nt»=l) { 

for (i-0;i<nt*6'4 /*tmp_nt*/; i+=64) { 

x = &int_dataCi) / 
mid=(nt»l) -1; 

s[OJ = x(0] ; 
d{0] = k[1]; 
sri3 - x[2]; 
s£mid] = x[2*mid]/ 
d(ra±d] - x[2*mid+lj ; 

dtO) = (d(0]«l)- S [0)-stl); 
s[OJ=s[0] + (d[0]»2) ; 

d_tmpO = d[OJ ; 
S_tmp0 - s[l] ; 
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for(ii-i; ii<mid; ii++) { 

d[ii] = ((x[2*ii+l])«l) - s _tmpO - H[2*ii+21; 
sfix] - s_tmpO+((d tmpC + d[ii])»3); 
d_tmpO - d[iij; ~ . 
s_tmpO = s[ii] ; 

X[±i] m S[ii]; 

x[ii+mid+l] « d[iij; 

} 

d [mid] - (d [mid] -s [mid] ) «1; 

s [mid] *s [mid] + ( ( d [mid^l ] +d [mid] ) »3 ) ; 

x[mid+l]=-d[0] ; 
x[mid]~s[mid] ; 
x[2*mid+l]*: d[mid]; ' 

} 

for (i=0/i<nt;i++) {• 

• x « &int_data[ij ; 
mid=(nt»l)-i ; 

s[0] - x[0]; 
d[0] * X[*64]; 
S[l] = x[128]; 
s[mid] « x[128*mid]; 
d[mid] = x[i28*mid +64]; 

d[0]*(d[OJ«l)-s[OJ-3[l]; 
S[0]«s[0] + (d[0)»2); 

d__tmpO . d[0] ; 
s_tmpO = s [1] ; 

for(ii=l; ii<m±d; ii++) f 
•dtii] «(x[i28*ii+64]«l) - s tmpO - x[128* fii+1) 1 • 

s_tmpO+(<dj:inpO + d[il]}>> 3 )- ' 
d_tmpO - d[ii]; 
s_tmpO ~ s[iij; 

• x[ii*64]=s[ii] ; 

^ x[{ii+mid+l)*64]=d[ii] ; 

d[mid]-(d[mid]«l) -<s(mid)«l); 
3(mid]-s [mid] + ( (d [mid-1] +d [mid] )»3>; 

x[O]=s[0]; 

x[ (mid+1) *64]=d[0] ; 

x[mid*64]=s [mid]; 

x [ ( 2 *mid+l ) * 64 j =d [mid ] ; 



After loop fusion, we only have two loops, that have the 



same parameter table. 
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Parameter 


Value 


Vector length 


mid-2 


Reused data set size 


• 


I/O IRAMs 


8 


ALU 


6 


BREG 


0 


FREG 


2 


Data flow graph width 


2 


Data flow graph height ' 


6 


Configuration cycles 


6+(mid-2) 



replaced by a constant vaS l^TS^LTf l ?P S t Can be 0P*»«i if«*f is 

obtain a bigger code, but with 3 teJSoJ mKHE? - ♦ £ i°- P 1S Umolk,d - 11,15 ^ we wi » 
This can be seen as a kind teJSSS^ ?K ^ for a ^S^tion. 

six new loop nests. ™=P«W partrtioning. Thus the outer loop is completely unrolled giving 



for (i=0;i<4096;i+=64) { /* nt=64 */ 



x = &int_data ti] ; 
mid»3l; 

s[OJ - x[0]; 
d[OJ = xflj; 
S[l] = x[2]; 
St3l] = x[61]; 
d[3lj = x[63j; 

d[0] = {d[0)«l)- s[0 ]- s[ i J; 
• s[0)=sf0J + (d[0J»2) ; 

d_tmpO = dfO) ; 
s_tmpO = s[l],- 



for(ii=l; ii<3i ; 

d[iij =((x[2*ii+l])«i, - a tmpO - x[2*ii + 2l • 
d_tmpO =» d[it], 



s_tmpO - sCii]; 
x[ii]=s[iij ; 
^ xCil+32j=d[ii] ; 

d[3lJ=(d[31}- S [31J)«l; 
s[3ll= s r 3 i3 + ((dI30]+cit 3 1])>>3); 
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x[0]=sfO); 
x[32]=d[0] ; 
X(31]=»sf31]; 
x[63]=d[3l] ; 

for (i=0;i<64;i+-f-) { 

x «■ &int_data[i] ; 
mid=«31,- 



sCO] = x[0]; • 
d[0] » x[64]; 
s[l) = x[128]; 
3 [31] = x[3968] ; 
d[31] - x(4032]; 

d[0] = (d[0]«l) -3 [Oj-s[l] ; 
s[0]=s[0] + (d(0]»2); 



d_tnipO = d[0] ; 
3_tmp0 = s [1] ; 



fox(ii=l; ii<3l; { 

d[ii] =(x[128*ii+64]«l) - s_tmpO - x(128* (ii+1) 

s£ix] = a_tmpO+( (d__tmpO + d[ii])»3); 

d^tmpO = d[ii] ; 

s_tmpO - s [ii] : 

x(ii*64]=s[ii) ; 

x[(ii+32)*64)=d[ii] ; 

} 

d[31] = (d[31]«l) -(s[31}«l); 
3[31]=s[31]+((d[30J+dt31I)»3); 

x[O)=s[0);. 
x[2048]=d[0) ; 
x[1984]=s[31); 
x[4032]=d[31] ; 



for (i=0?i<204 8;i+-64) .{ /* nt = 32 V 

x = &'int_data[i] / 
. mid=15; 

stO] = x[0]; 
d[0] - x[l]; 
3[1) - X[2]; 
s[15] - x(30]; 
d[15] = x[3l]; 

d[OJ«(dC0]«l)-s[O}'-s(13; 
s[0]=s[OJ+(d(0]»2) ; 



d_tmpO = d[0] ; 
s_tmpO => s [1] ; 
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for(ii=l; ii<15; ii++) { 

dtii] =((x[2*ii+l],«i) - s _trapO - x[2*ii+2]; 

s[ii]*= s_tmpO+ f [d_tmpO + d(ii))»3); 

d_tmpO = d[ii] ; 

s^tmpO = s[ii]; 

x[ii]*s(ii); 

xCii+16]=d[ii] ; 

) 

d[15] = (d(15J-s[15])«l; 
S[15]=s[15] + ((dfl4)+d[15])»3) ; 

x[OJ=s[0]; 
x[16]«=d[0] / 
x[15]=s[15] ; 
xC31]=d[15); 



for (i«=0;i<32;i++) { 

x = &int_data [i] ; 
mid='l5; 

s[0] = x[0]; 
d[0] = x[64); 
• s[l] « x[128]; 
s[15] = x(1920] ; 
d s [15] = x[1984j; 

d(O] = (d[0]«l)-s[O]-a[l] ; 
6[O]=s[O] + {d[0]»2); 

d_tmpO = d[0]; 
s_tmpO = s[lj,- 

for(iie=l; ii<15; ii++) { 

d[ii) -(x[128*ii.+64]«l) - a tmpO - x [128* (ii+1) 1 • 
S[li]= S_tinpO+f(d_tmpO + d[il])>> 3 ); • 
d_tmpO = d£ii]; 
.s^tmpO = s [ii] ; 
xfii*64]=s[ii] ; 
xC <ii + 16) *64]=d[iiJ ; 
) ' ' 

.- dU5] = (d[15J«U -(S[15]«aj; 
s[l5]=s[15] + {(d[l4]+d[15])»3); 

x[0]=sXO]; 
x[1024]=d[OJ ; 
x[960]=s[15] ; 
x[1984]=d[15J; 



for (i=O;i<i024;i+=64) { /* nt = 16 */ 

x = &int_data[i] ; 
mid=»7 ; 

SCO] = x[0] ; 
d[0] = X(l); 
s[l] = x£2] ; 
s[7J = x[14J ; 
d[7] = x[15] ; 



130 



Empfansszeit 2 . Ju I i 16:22 



Fehterl Unbekanntes Schalterarqurnent&eciitivfrSommafy 



dt[O] = ('d[O]«i)-s[0]«stl] ; 
s[0']=s[0) + (d[O]»2) ; 

d_tmpO - d[0] ; 
s_tmpO = s [ 1 ] ; 

for(ii=l; ii<7; ii++) { 

d[ii] = ((x[2*ii+l))«l) - s_tmpO - x 

s[±i]= s_tmpO+( (d_tmpO + d[ii])»3); 

d_tmpO - d[ii] ; 

s^tmpO - s [ii] ; 

x[ii]=s{ii] / 

x[ii+8]=d[iij; 



Ci[7] = [d(7]-s[7J).«l; 
s(7]«s[7] + < (d(6]+d[7])»3).; 

x[0]=s[O]/ 
x[8]-d[0]; 
x(7]-s[7]; 
x(15]= d[7J; 



for (i=0;i<16;i++) { 

x = &int_data[i] ; 
mid=7 ; 

• S[0] - x[0]; ' 

d(0] - 3C[64J; 

s[l] - x[128]; 

s[7] ~ x[896]; 

d[7] - x[960]; 

d[0] = (d[0]«l)- S fO]-sCD; 
s£0]~s[0] + (d[Q]>:>2) ; 

d_tmpO - d[0] ; 
S_tmpO «s s [ 1 ] ; 

for(ii=l; ii<7; ii++) { 

d[ii] ~(x{128*ii+64]«l) - s _tmpO - x[128* (ii+l> ] ; 

s(ii]= s_tropO+((d_tmpO + d[ii])»3); 

d_tmpO = d[ii] ; 

s_tmpO « s [ii] ; 

x[ii*64]=s[ii] ; 

x[ <ii+8)*64]=d[ii] ; 

> 

d[7]=(dC7]«l) -(s[7J«l); 
s[7]=s[7] + ( (d[6]+d[7J )»3J ; 

x[0]=s[0j; 
x[512]=d[0]; 
x[448J=s[7]/ 
x[960]=d[7] ; 




two 
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Parameter 


Value 


: Vector length 


30 


Reused data set size . 




I/O IRAMs 


8 


ALU 

BR£G '■ ~ 

FREG 


6 ~~ 
0 


Data flow graph width 
Data flow graph height ~~ 
Configuration cycles 


2 
2 

6 ' ~ 
6+30=36 "~ 



5.6.3 Optimizing the Inner Loops 

IRAMs for the firit iteration arS 6 ^^2^ ^ first ' terati <»- Bene, we need at most 8 
needing 14 IRAMs for one *^2£Z%EL SL^S,** ^ Um ° 11 ** Ioo P s 
loops for commodity reasons. P d,CS ' Bel0W We present onl y *« "trolled inner^ 

First loop: 

for(ii=»l; i±<3i ; ii=i i+2) f 

■djiij =((xl2*ii+l],«i, _ s t 0 . x[2 * ii+2 s 

sliil- s_tmpO + ((d_tm P 0 + dT±i] ) >> 3 ? . 21 ' 

.d_ttnpO = d[iij ; 1 J ' J '' 

s_tmpO ■» s[ii] ; 

- sfiij; 

xrii+33]«=d[iij,. 

s_tmpO « s[ii+i} ; 
x[ii+l] * s[ii+ij ; 
^ x[ii+33] * 

Second loop? 

for(ii»i, ii<3X; ii~Li+ 2 ) { 
s_tmpG = 

xfii-64] - S[iiJ; 

*f (ii+32.)*64] d[ii] ; 

s_tmpO = S[ii+1]; 
x( (ii+l) *64] = afii+i] • 
^ Xt<ii+33) *64) = dtii+lj; ■ 
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Third loop: 

for(ii=l; ii<15; ii=ii+2) { 

d[iij - <<x[2*ii+l])«l) - s_tmpO - x[2*ii+2] ; 

s[ii] - s_tmpO+( (d_tmpO + d[ii])»3); 

d_tmpO - d[ii] ; 

s__tmpO = s (ii] ; 

X[ii] - S[ii]; 

x[ii+16J. - d[ii) ? 

dtii+lj - <(x[2*(ii+l)+l])«l) - s _tmpO - x£2*(ii+l)+2] 

s[ii4-l] = s_tmp(H < (d_tznpO + d(ii+l] ) »3) ; 

d_tmpO * d[ii+l]; 

s_tmpO - s[ii+lj/ 

x[ii+l] > s[ii+lj; 

sc[ii+17] « d[ii+l; 

) 

Fourth loop: 

.for(ii=l; ii<15; ii=ii+2) { 

d[ii] - (x[12B*ii+64J«l) - s^tmpO - x[128* (ii+1) ] ; 

s[ii] m s _tmpO+< <d_tmpO + d[ii])»3); 

d_tmpO - d[ii] ,- 

s_tmpO = s(ii] ; 

x£ii*64] m s[ii]; 

x[(ii+16)*64] « d[iij; 

d[ii+l] - (x[128*(ii+l)+64]«l) - 3 tmpO - x[128* (ii+2) J 
s£ii] - fl_tmpO+((d tmpO + d[±±+i] ) >>3) ; 
d_tmpO a d[ii+l]; 
5_tmpO « s [ii+1] ; 
x[<ii+l) *64] « s[ii+l]; 
^ x[(ii4-17)*64] - d[ii+l]; 

Fifth loop: 

for(ii=L; £l<7; ii=di+2) { 
*■ dfii] - ((x[2*ii+l] )«l) - 5 tmpO - x[2*ii+2J; ' 
s[ii] s_tmpO+ ( (d_tmpO t d[ii])»3); 
d_tmpO - d[ii] ; 
s_tmpO = s[ii] ; 
x[ii) - s[ii]; 
xtxi+8) «■ d[ii] ; 

d ff^| = K«t2*(i±+l)+lJ}«x) - stmpO - x[2*(i±+l)+2); 

S[ii+X] - S_tmpO+( (d_tmpO + d[ii+ll)»3); 

d_tmpO « dCii+1] ; 

sjtmpO- « s[ii+l]; 

xfii+lj s[ii+l] ; 

X[ii+9] - d[ii+13; 
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Sixth loop: 

for (11*1; ii<7 ; ii=ii+2) { 

d[ii] = <x[128*ii+64}«l) - s_tmpO - x [128* ] ; 

s[ix] - s_tmpO+ ( (d_tmpO + d[ii])»3); 
• d_tmpO «= d[ii] ; 
s_trapO « s[ii] / 
x[ii*64] - s[±ij; 
x[<ii+8)*64] - d[ii]; 

dtii+1] (x[128*(ii+l)+64]«l) - s tmpO - x[128*(i 
s[n] s_tmpO+((d tmpO + d[ii+l] ) >>3) ; • 
• • d_tmpO - d[ii+i] ; 
s_tmpO * s J / 

x[(ii+l)*64] - stii+l]; 
x[(ii+9)*S4J « dfii+lj; 
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2£?l?5 °P eratl0n i_ to betw eeri ^, resp. j0 at the first iteration and the feedback 

values for the other iterations. Once the pipeline is filled, 8 values can be output in a cycle 

w. 4 ^ f ° r ^17^ T 16 v******* is ^ all loops; only the Si g£ 
IRAMs dtffer. We give now result tables only for the 2 first loops. The other tables are the same. 

SL th !, firSt tW0 1 Io °P s we obta . in the following table, and the expected speedup with respect to a 
standard superscalar processor with 2 instructions issued per cycle is 1 5.3. P 
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Parameter 


Value 


Vector length 


30 


R^mtcp*^ Ante tf*t Qtze 




I/O IRAMs 


14 


ALU 


12 


BREG 


Q 


FREG 


2 


Data flow graph width 


2 


Data flow graph height 


10 


Configuration cycles 


10+15=25 




Ops 


Number 


LD/ST (2 cycles) 


14 


ADDRCOMP (l cycle) 


2 


APD/SUB (1 cycle) 


17 


MUL (2 cycles) 


0 


SHIFT (1 cycle) 


4 


Cycles per iteration 


51 


Cycles ueeded for the loop (2-way) 


(51*I5)/2=3S3 
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1 Introduction . 

This document describes a method for compiling a subset of a high-level programming language (MX) 
like C or FORTRAN, extended by port access functions, to a ^configurable data-flow processor (RDFP) 
as described in Section 3. The program is transformed to a configuration of the RDFP. 
This method can be used as part of an extended compiler for a hybrid architecture consisting ^ta^dard 
host processor and a reconfigurable data-flow coprocessor. The extended compiler handles a full HLL 
like standard ANSI C. It maps suitable program parts like inner loops to the coprocessor and the rest 
of the program to the host processor. It is also possible to map separate program parts to separate 
configurations. However, these extensions are not subject of this document. 

2 Compilation flow 

T-t 

This section briefly describes the phases of the compilation method. 
2.1 Frontend 

The compiler uses a standard frontend which translates the input program (e. g. a C program) into an in- 
ternal format consisting of an abstract syntax tree (AST) and symbol tables. The frontend also performs 
well-known compiler optimizations as constant propagation, dead code elimination, common subexpres- 
sion elimination etc. For details, refer to any compiler construction textbook like [1]. The SUIF compiler 
[2] is an example of a compiler providing such a frontend. 

Z2 Control/Dataflow Graph Generation 

Next, the program is mapped to a control/dataflow graph (CDFG) consisting of connected RDFP func- 
tions. This phase is the main subject of this document and presented in Section 4. 

23 Configuration Code Generation 

Finally, the last phase direcdy translates the CDFG to configuration code used to program the RDFP. For 
PACTXPP™ Cores, the configuration code is generated as an NML (Native Mapping Language) file!" 

3 Configurable Objects and Functionality of a RDFP 

" This section describes the configurable objects and firacitionality of a RDFP. A possible implementation 
of the RDFP architecture is a PACT XPP™ Core. Here we only describe the minimum requirements for 
a RDFP for this compilation method to work. The only data types considered are multi-bit words called 
data and single-bit control signals called events. Data and events are always processed as packets, cf. 
Section 3.2. Event packets are called 1-events or 0-events, depending on their bit-value. 



2002-12-4 xppvcpat V0.2 Confidential 



EmPfangszeit 2 • Ju I i 16:22 



PRT.-ANW. P. PIETRUK 



+49 721 4j6yj0 U 
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3.1 Configurable Objects and Functions 

As KDFP consists of an array of configurable objects and a communication network- Each object can 
be configured to perform certain functions (listed below). It performs the same function repeatedly until 
the configuration is changed. The array needs not be completely uniform, i. e. not all objects need to be 
able to perform all functions. E. g., a RAM function can be implemented by a specialized RAM object 
which cannot perfojm any other functions. It is also possible to combine several objects to a "macro" to 
realise certain functions* Several RAM objects can, e.g. > be combined to realize a RAM function with 
larger storage. 



B 
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RDWR IN 



opcode 


START-*-, 
NEXT"*"! 


CNT 
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START S Jseolh ^U 
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ECOMB 

Figure 1 : Functions of an RDFP 

The following functions for processing data and event packets can be configured into an RDFR See Fig. 1 
for a graphical representation. 

• ALU[opcode]: ALUs perform common arithmetical and logical operations on data. ALU func- 
tions ("opcodes") must be available for all operations used in the HLL. 1 ALU functions have two 
data inputs A and B, and one data output X. Comparators have an event output U instead of the 
data output They produce a 1 -event if the comparison is true, and a 0-event otherwise. 



• \Otheiwise programs containing operations which do not have ALU opcodes in the RDFP must be excluded from the 
supported HLL subset or substituted by "macros" of existing functions. 
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• CNT: A counter function which has data inputs LB, UB and INC (lower bound, upper bound 
and increment) and data output X (cbunter value). A packet at event input START starts the 
counter, and event input NEXT causes the generation of the next output value (and output events) 
or causes the counter to terminate if UB is reached If NEXT is not connected, the counter counts 
continuously. The output events U, V, and W have the following functionality: For a counter 
counting N times, N-l 0-events and one 1 -event are generated at output U. At output V, N 0-events 
are generated, and at output W, N 0-events and one 1 -event are created* The 1-event at W is only 
created after the counter has terminated* L e. a NEXT event packet was received after the last data 
packet was output 

#. RAM[size]: The RAM function stores a fixed number of data words ("size"). It has a data input 
RD and a data output OUT for reading at address RD. Event output ERD signals completion of 
the read access. For a write access, data inputs WR and IN (address and value) and data output 
OUT is used. Event output EWR signals completion of the write access. ERD and EWR always 
generate 0-events. Note that external RAM can be handled as RAM functions exactly like internal 
RAM. 

• GATE: A GATE synchronizes a data packet at input A back and an event packet at input E. When 
both inputs have arrived, they are both consumed- The data packet is copied to output X, and the 
event packet to output U. 

• MUX: A MUX function has 2 data inputs A and B, an event input SHU and a data output X. If 
S EL receives a O-event, input A is copied to output X and input B discarded. For a 1-event, B is 
copied and A discarded. 

* • MERGE: A MERGE function has 2 data inputs A and B, an event input SEL, and a data output X. 
If SEL receives a O-event; input A is copied to output X f but input Bis not discarded. The packet 
is left at the input B instead. For a 1 -event, B is copied and A left at the input. 

• DEMUX: A DEMUX function has one data input A, an event input SEL, and two data outputs X 
and Y. If SEL receives a O-event, input A is copied to output X, and no packet is created at output 
Y. For a 1-event, A is copied to Y. and no packet is created at output X. 

• MDATA: A MDATA function multiplicates data packets. It has a data input A, an event input 
SEL, and a data output X. If SEL receives a 1-event, a data packet at A is consumed and copied 
to output X- For all subsequent O-event at SEL, a copy of the input data packet is produced at the 
output without consuming new packets at A, Only if another 1-event arrives at SEL, the next data 
packet at A is consumed and copied.* 

• INPORT[name]: Receives data packets from outside the RDFP through input port A< name" and 
copies them to data output X. If a packet was received, a O-event is produced at event output U, 
too, (Note that this function can only be configured at special objects connected to external busses.) 

• OUTPORT[name]: Sends data packets received at data input A to the outside of the RDFP through 
output port '"name" If a packet was sent, a O-event is produced at event output U, too. (Note that 
this function can only be configured at special objects connected to external busses.) 

Additionally, the following functions manipulate only event packets: 
2 Note that ibis can be implemented by a MERGE with special properties on XPP™ , 
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A Method for Compiling High-Level Language Programs to a RecopfigorabJe Data-Flow Processor 5 

• O-FILTER, I -FILTER: A FILTER has an input E and an output U. A 0-FBLTER copies a 0-event 
from EtoU, but 1 -EVENTS at E are discarded. A 1 -FILTER copies 1 -events and discaids 0-events. 

• INVERIER: Copies all events from input E to output U but inverts its value! 

• 0-CONSTANT, 1-CONSTANT: 0-CONSTANT copies all events from input E to output U, but 
changes them all to value 0. 1 -CONSTANT changes all to value L 

• ECOMB: Combines two of more inputs El, E2, E3.~, producing a packet at output U. The output 
is a 1 -event if and only if one or more of the input packets are 1 -events (logical or). A packet must 
be available at all inputs before an ouput packet is produced. 3 

• ESEQtseq]: An ESEQ generates a sequence "seq" of events, e.g. "0001", at its output U. If it 
has an input START, one entire sequence is generated for each event packet arriving at U. The 
sequence is only repeated if the next event arrives at U. However, if START is not connected, 
ESEQ constantly repeats the sequence. 

Note that ALU, MUX, DEMUX, GATE and ECOMB functions behave like their equivalents in classical 
dataflow machines [3, 4]. 

3.2 Packet-based Communication Network 

The communication network of an RDFP can connect an outputs of one object (L e. its respective func- 
tion) to the input(s) of one or several other objects. This is usually achieved by busses and switches. By 
placing the functions properly on the objects, many functions can be connected arbitrarily up to a limit 
imposed by the device size. As mentioned above, all values are communicated as packets. A separate 
communication network exists for data and event packets. The packets synchronize the functions as in a 
dataflow machine with acknowledge [3], I. e., the function only executes when all input packets are avail- 
able (apart from the non-stria exceptions as described above). The function also stalls if the last output 
packet has not been consumed. Therefore a data-flow graph mapped to an RDFP self-synchronizes its 
execution without the need for external control. Only if two or more function outputs (data or event) are 
connected to the same function input ("N to 1 connection"), the self-synchronization is disabled. 4 The 
user has to ensure that only one packet arrives at a time in a correct CDFG, Otherwise a packet might 
get lost, and the vaJue resulting from combining two or more packets is undefined. However, a function 
output can be connected to many function inputs ("1 to N connection") without problems. 
There are some special cases: 

• A function input can be preloaded with a distinct value during configuration. This packet is con- 
sumed like a normal packet coining from another object 

• A function input can be defined as constant. In this case, the packet at the input is reproduced 
repeatedl y for each function execution. 

*Note that this function is implemented by the EAND operator on the XPP™ . 

IZTJ 0 ™'*^ l ° 1 """^ to™**™*™ * *eEORf«ncu-on. - *r data ^assigning 



2002-12-4 xppvepat V0.2 



Confidential 



fj^^evei Language Programs to a Reconfgura^^^a 



A Method for Compiling HigBEevei Language Programs to a RecojiggtiiaMfPata-Efow Processor 6 



An RDFP requires register delays in the dataflow. Otherwise very long combinational delays and asyn- 
chronous feedback is possible. We assume that delays are inserted at the inputs of some functions (like 
for most ALUs) and in some routing segments of the communication network. Note that registers change 
the timing, but not the functionality of a correct CDFG. 

4 Configuration Generation 
4*1 Language Definition 

The following HLL features are not supported by the method described here: 

• pointer operations 
library calls, operating system calls (including standard I/O functions) 

recursive function calls (Note that non-recursive function calls can be eliminated by function in- 
lining and therefore are not considered here.) 

All scalar data types are converted to type integer. Integer values are equivalent to data packets in 
the RDFP. Arrays (possibly multi-dimensional) are the only composite data types considered. 

The following additional features are supported: 

INPORTS and OUTPORTS can be accessed by the HLL functions getstream(name t value) and put- 
stream(name> value) respectively. 

4:1 Mapping of High-Levei Language Constructs 

This method converts a HLL program to a CDFG consisting of the RDFP functions defined in Section 3.1. 

Before the processing starts, all HLL program arrays are mapped to RDFP RAM functions. An array x 
v. ^ mapped to RAM RAM(x). If several arrays are mapped to the same RAM> an offset is assigned, too. 
r The RAMs are added to an initially empty CDFG. There must be enough RAMs of sufficient si2e for all 

program arrays. 

The CDFG is generated by a traversal of the AST of the HLL program. It processes the program state- 
ment by statement and descends into the loops and conditional statements as appropriate. The following 
two pieces of information are updated at every program point 5 during the traversal: 

• START points to an event output of a RDFP function. This output delivers a O-event whenever 
the program execution reaches this program point At the beginning, a 0-CONSTANT preloaded 
with an event input is added to the CDFG. (It delivers a O-event immediately after configuration;) 
START initially points to its output. This event is used to start the overall program execution. The 
STAHTnev, signal generated after a program part has finished executing is used as new START 
signal for the following program parts, or it signals termination of the entire program. The START 

5 ln a program, program points are between two statements or before the beginning or after the end of a program component 
like a loop or a conditional statement 




2002-A2-4 xppvepat VQ2 

EmPf ansszei t 2 : Juli 16:22 



ConGdentiaJ 



J^ftvel Language Programs to a Reconfigurab^^^a-. 



A Method for Compiling Higmvel Language Programs to a Recon&gur&bfMa -Flow Processor 7 

events guarantee that the execution order of the original program is maintained wherever the data 
dependencies alone are not sufficient. This scheduling scheme is similar to a one-hot controller 
for digital hardware. 

• VARLIST is a list of {variable, function-output} pairs. The pairs map integer variables or array 
elements to a CDFG function's output The first pair for a variable in VARLIST contains the 
output of the function which produces the value of this variable valid at the current program point. 
New pairs are always added to the front of VARLIST. The expression VARDEF(var) refers to die 
function-output of the first pair with variable var in VARLIST. 6 

Hie following subsections systematically list all HLL program components and describe how they are 
processed, thereby altering the CDFG, START and VARLIST* 



4-2.1 Integer Expressions and Assignments 

Straight-line code without array accesses can be directly mapped to a data-flow graph. One ALU is 
allocated for each operator in die program. Because of the self-synchronization of the ALUs, no explicit 
control or scheduling is needed. Therefore processing these assignments does not access or alter START. 
The data dependences (as they would be exposed in the DAG representation of die program [1]) are 
analyzed through the processing of VARLIST These assignments synchronize themselves through the 
data-flow. The data-driven execution automatically exploits the available instruction level parallelism. 

All assignments evaluate the right-hand side (RHS) or source expression. This evaluation results in a 
pointer to a CDFG object's output (or pseudo-object as defined below). For integer assignments, the 
left-hand side (LHS) variable or destination is combined with the RHS result object to form a new pair 
{LHS, result(RHS)} which is added to the front of VARLISX . 

The simplest statement is a constant assigned to an integer 7 

a = 5; 

It doesn't change the CDFG, but adds {a, 5} to the front of VARLIST. The constant 5 is a "pseudo- 
object" which only holds the value, but does not refer to a CDFG object Now VARDEF(a) equals 5 at 
subseqent program points before a is redefined. 

Integer assignments can also combine variables already defined and constants: 
b - a '* 2 + 3; 

In the AST, the RHS is already converted to an expression tree. This tree is transformed to a combination 
of old and new CDFG objects (which are added to the CDFG) as follows: Each operator (internal node) 
of the tree is substituted by an ALU with the opcode corresponding to the operator in the tree. If a leaf 
node is a constant, the ALU's input is direcdy connected to that constant. If a leaf note is an integer 
variable var, it is looked up in VARLIST, i. e. VARDEF(var) is retrieved. Then VARDEF(var) (an output 
of an already existing object in CDFG or a constant) is connected to the ALU's input. The output of the 
ALU. corresponding to die root operator in the expression tree is defined as the result of the RHS- Finally, 
a new pair {LHS, resu!t(RHS)} is added to VARLIST. If the two assignments above are processed, the 

6 This method Of using a VARLIST is adapted from the Transmogrifier C compiler [5J. 
7 Note that we use C syntax for the following examples. 
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CDFG with two ALUs in Fig. 2 is created. 8 Outputs occurring in VARLIST are labeled by Reman 
numbers. After these two assignments, VARLIST = [{b, I}, {a, 5}]. (Tte front of the list is on the left 
side.) Note that all inputs connected to a constant (whether direct from the expression txee or retrieved 
from VARLIST) must be defined as constant Inputs defined as constants have a small c next to the input 
arrow in Kg. 2. 

4.2.2 Conditional Integer Assignments 

For conditional if-then-else statements containing only integer assignments, objects for condition eval- 
uation are created first. The object event output indicating the condition result is kept for choosing 
. the coiiect branch result later Next, both branches are processed in parallel, using separate copies 
VARLIST1 and VARLIST2 of VARLIST. (VARLIST itself is not changed.) Finally, for all variables 
added to VARLIST1 or VARLIST2, a new entry for VARLIST is created (combination phase). The valid 
definitions from VARLIST1 and VARLIST2 are combined with a MUX function, and the correct input 
is selected by the condition result For variables only defined in one of the two branches, the multiplexer 
uses the result retrieved from the original VARLIST for the other branch. If the original VARLIST does 
not have an entry for this variable, a special "undefined" constant value is used- However, in a function- 
ally correct program this value will never be used. As an optimization, only variables live [1] after the 
if-then-else structure need to be added to VARLIST in the combination phase. 9 

Consider the following example: 
a = 3; 

if (i < 10) { 
• a = 5; . 
c = 7,- 

} 

else { 

c = a - 1; 
d = 0;. 

} 

Fig. 3 shows the resulting CDF<3. Before the if-then-else 'construct, VARLIST s [{a, 3}, {i, 7}]. After 
processing the branches, for the then branch, VARLIST1 = [{c, 7}, {a, 5}, {a, 3}, {i, 7}] t and for the 
else branch, VAROST2 [{d, 0}, {c, I}, {a, 3}, {i, 7}]. After combination, VARLIST = [{d, E}, {c, 
m}.{MV},{a i 3};{i.7}]. 

Note that case- or switch-statements can be processed, too, since they can without loss of generality - 
be converted to nested if-then-else statements. 

Processing conditional statements this way does not require explicit control and does not change START. 
Both branches are executed in parallel and synchronized by the data-flow. It is possible to pipeline the 
dataflow for optimal throughput. 

B Note that the input and output names can be deduced from iheir position* cf. Fig. 1. Also note that the compiler front- 
end would normally bavc substituted. the second assignment by b •» 13 (constant propagation). For the simplicity of this 
explanation, no frontend optimizations are considered in (his and the following examples. 

^Definition; A variable is live at a program point if its value is read at a statement reachable from here without intermediate 
redefinition. 
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423 General Conditional Statements 

Conditional statements containing either airay accesses (cf. Section 4.2.7 below) or inner loops cannot 
i be processed as described in Section 4.2.2. Data packets must only be sent to the active branch. This is 
{^achieved by the implementation shown in Fig. 8» similar to the method presented in [4], 

A dataflow analysis is performed to compute used sets use and defined sets def [1] of both branches. 10 
For the current VARLXST entries of all variables in IN - use{thenbody) U def{thenbody) U 
use(elsebody) U def [elsebody) Uvse(header) f DEMUX functions controlled by the IF condition are 
inserted. Note that arrows with double lines in Fig. 8 denote connections for all variables in IN, and die 
! shaded DEMUX function stands for several DEMUX functions, one for each variable in IN. The DE- 
MUX functions forward data packets only to die selected branch. New lists VARLISTl and VARLIST2 
are compiled with the respective outputs of these DEMUX functions. The then-branch is processed with 
VARLISTl, and the else branch with VARLIST2. Finally, the output values are combined. OUT con- 
tains the new values for the same variables as in IN. Since only one branch is ever activated there will not 
be a conflict due to two packets airiving simultanuously. The combinations will be added to VARLIST 
after the conditional statement. If the IF execution shall be pipelined, MERGE opcodes for the output 
must be inserted, too. They are controlled by the condition like the DEMUX functions. 

The following extension with respect to [4] is added (dotted lines in Fir. 8) in order to control the execu- 
I tion as mentioned above with START events: The STAJ^T input is ECOMB-combined with the condition 
4 • | output and connected to the SEL input of the DEMUX functions. The START inputs of thenbody and 
y elsebody are generated from the ECOMB output sent through a 1 -FILTER and a 0-CONSTANT 1 1 or 
through a O-FILTER, respectively. The overall STARTnew output is generated by a simple "2 to 1 
connection" of ftenbody's and elsebody's STARTnew outputs. With this extension, arbitrarily nested 

conditional statements or loops can be handled within thenbody and elsebody. 

*« 

4.2.4 WHILE Loops 

WHILE loops are processed similarly to the scheme presented in [4], cf. Fig, 9, As in Section 4.23, dou- 
ble line connections and shaded MERGE and DEMUX functions represent duplication for all variables 
in IN. Here IN = use(whUebody) U def(whilebody) U use(header). The WHILE loop executes as 
follws: In the first loop iteration, the MERGE functions select all input values from VARLIST at loop 
entry (SEL=0). The MERGE outputs are connected to the header and the DEMUX functions- If the 
while condition is true (SEL=l) f the input values are forwarded to the whilebody, otherwise to OUT. 
The output values of the while body are fed back to whilebody's input via the MERGE and DEMUX 
operators as long as the condition is true. Finally, after the last iteration, they are forwarded to OUT. The 
} outputs are added to the new VARLIST. 12 

^ | Two extensions with respect to [4] are added (dotted lines in Fir. 9): 

\jX*\f ,0 A variable is used in a statement (and hence in a program region containing this statement) if its value is read. A variable 
v is defined in a statement (or region) if a new value is assigned to it. 

"The 0-CONSTANT is required since START events must always be Oevenis. 

n Note that the MERGE function for variables not live at the loop's beginning and the whilebody's beginning can be removed 
since its output is not used. For these variables, only the DEMUX function to output the final value is required. Also note that 
the MERGE functions can be replaced by simple "2 to 1 connections" if the configuration process guarantees that packets from 
INI always arrive at the DEMUX's input before feedback values arrive. 
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• In 14], the SEL. input of the MERGE functions is preloaded with 0. Hence the loop execution 
begins immediately and can be executed only once. Instead, we connect the START input to the 
MERGED SEL input ("2 to 1 connection** with the header output). This allows to control die time 
of the start of the loop execution and to restart it 

• The whilebody's START input is connected to the header output, sent through a 1 -FILTER/0- 
CONSTANT combination as above (generates a 0-event for each loop iteration). By ECOMB- 
combining whilebody's STAHTnew output with the header output fox the MERGE ftinctions* 
SEL inputs, the next loop iteration is only started after the previous one has finished. The while 
loop's STARTnew output is generated by filtering the header output for a 0-event 

With these extensions, arbitrarily nested conditional statements, or loops can be handled within while- 
body. 

) AJ.S FOR Loops 

FOR loops are particularly regular WHILE loops. Therefore we could handle them as explained above. 
.However, our RDFP features the special counter function CNT and the data packet multiplication func- 
tion MDATA which can be used for a more efficient implementation of FOR loops. This new FOR loop 
scheme is shown in Fig. 10. 

A FOR loop is controlled by a counter CNT. The lower bound (LB), upper bound (UB) f and increment 
(INC) expressions are evaluated like any other expressions (see Sections 4.2,1 and 4.2.7) and connected 
to the respective inputs. 

As opposed to WHILE loops, a MERGE/DEMUX combination is only required for variables in INI = 
def(forbody), L e. those defined in forbody. 13 INI does not contain variables which are only used 
in forbody, LB, UB, or INC, and does also not contain the loop index variable? Variables in INI are 
, processed as in WHILE loops, but the MERGE and DEMUX functions' SEL input is connected to 
CNTs W output. (The W output does the inverse of a WHILE loop's header output; it outputs a I- 
event after the counter has terminated. Therefore the inputs of the MERGE functions and the outputs 
of the DEMUX functions are swapped here, and the MERGE functions* SEL inputs are preloaded with 
) \ 1 -events.) 

CNTs X output provides the current value of the loop index variable. If the final index value is required 
(live) after the FOR loop, it is selected with a DEMUX function controlled by CNTs U event output 
(which produces one event for every loop iteration). 

Variables in IN2 = use(forbody) \ def (forbody), I e. those defined outside the loop and only used 
(but not redefined) inside the loop are handled differently. Unless it is a constant value, the variable's 
input value (from VARLIST) must be reproduced in each loop iteration since it is consumed in each 
iteration. Otherwise the loop would stall from the second iteration onwards. The packets are reproduced 
1 by MDATA. functions, with the SEL inputs connected to CNTs U output. The SEL inputs must be 
j preloaded with a 1-event to select the first input. The 1 -event provided by the last iteration selects a new 
! value for th e next execution of the entire loop. 

. "Note that the MERGE functions can be replaced by simple "2 to 1 connections" as for WHILE loops if the configuration 
process guarantees that packets fronrj IN J always arrive at the DEMUX's input before feedback values arrive. 
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/The following control events (dotted lines in Fig. 10) are similar to the WHILE loop extensions, but 
1 simpler CNT's START input is connected to the loop's overall START signal. START new is generated 
from CNT's W output, sent through a 1 -FILTER and 0-CONSTANT. CNT's V output produces one 0- 
event for each loop iteration and is therefore used as forbody's START. Finally, CNT's NEXT input is 
connected to forbody's STAKT nEil} output. 

( For pipelined loops (as denned below in Section 4.2.6), loop iterations are allowed to overlap.. Therefore 
CNTs NEXT inpm.needs not be connected. Now the counter produces index variable values and control 
events as fast as they can be consumed. However, in this case CNTs W output in not sufficient as overall 
STARTnew output since the counter terminates before the last iteration's forbody finishes. Instead, 
STAKTnegw is generated from CNT's U output ECOMB-combined with forbody's STAftT new output, 
sent through a 1 -FILTERy 0-CONSTANT combination. The ECOMB produces an event after termination 
of each loop iteration, but only the last event is a 1 -event because only the last output of CNT's U output 
is a 1-event, Hence this event indicates that the last iteration has finished. Cf, Section 4.3 for a FOR loop 
example compilation with and without pipelining. 

As for WHILE loops, these methods allow to process arbitrarily nested loops and conditional statements. 
{ The following advantages over WHILE loop implementations are achieved: 

' U - ' *• 

• One index variable value is generated by the CNT function each clock cycle. This is faster and 
smaller than the WHOLE loop implementation which allocates a MERGE/DEMUX/ADD loop and 
a comparator for the counter functionality. 

m Variables in 3N2 (only used in forbody) are reproduced in the special MDATA functions and need 
not go through a MERGE/DEMUX loop. This is again faster and smaller than the WHILE loop 
implementation. 

4*2.6 Vectorization and Pipelining 

The method described so far generates CDFGs performing the HLL program's functionality on an RDFP. 
However, the program execution is unduly sequentialized by the START signals. In some cases, inner- 
most loops can be vectorized. This means that loop iterations can overlap, leading to a pipelined dataflow 
through the operators of the loop body. The Pipeline Vectorization technique [6] can be easily applied to 
the compilation method presented here. As mentioned above, for FOR loops, the CNTs NEXT input is 
removed so that CNT counts continuously, thereby overlapping the loop iterations. 

All loops without array accesses can be pipelined since the dataflow automatically synchronizes loop- 
carried dependences, i. e. dependences between a statement in one iteration and another statement in a 
subsequent iteration. Loops with array accesses can be pipelined if the array (i.e. RAM) accesses do 
not cause loop-canied dependences or can be transformed to such a form. In this case no RAM address 
is written in one and read in a subsequent iteration. Therefore the read and write accesses to the same 
RAM may overlap. This degree of freedom is exploited in the RAM access technique described below. 
Especially for dual-ported RAM it leads to considerable performance improvements. 

4.2.7 Array Accesses 

In contrast to scalar variables, array accesses have to be controlled explicitly in order to maintain the 
program's correct execution order. As opposed to nornial dataflow machine models [3], a RDFP does 
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not have a single address space. Instead, the arrays are allocated to several RAMs, This leads to a 
different approach to handling RAM accesses and opens up new opportunities for optimization, 

\ To reduce the complexity of the compilation process, array accesses are processed in two phases. Phase 
1 1 uses pseudo-functions" for RAM read and write accesses. A RAM read function has a RD data input 
I (read address) and an OUT data output (read value), and a RAM write function has WR and IN data 
| inputs (write address and write value). Both functions are labeled with the array the access refers to, and 
( both have a START event input and a U event output The events control the access order. In Phase 2 all 
I accesses to the same RAM are combined and substituted by a single RAM function as shown in Fig. 1. 
I This involves manipulating the data and event inputs and outputs such that the correct execution order is 
| maintained and die outputs are forwarded to the correct part of the CDFG. 



& Phase 1 Since arrays are allocated to several RAMs, only accesses to the same RAM have to be syn- 
rjJchronized. Accesses, to different RAMs can occur concurrently or even out of order. In case of data 
Ntf dependencies, the accesses self-synchronize automatically. Within pipelined loops, not even read and 
>L write accesses to die same RAM have to be synchronized This is achieved by maintaining separate 
^ START signals for every RAM or even separate START signals for RAM read and RAM write accesses 
in pipelined loops. At the end of a basic block {1] M , all STARTnew outputs must be combined by a 
ECOMB to provide a START signal for the next basic block which guarantees that all array accesses in 
die previous basic block are completed. For pipelined loops, this condition can even be relaxed. Only 
after the loop exit all accesses have to be completed. The individual loop iterations need not be synchro- 
nized. 

First the RAM addresses are computed. The compiler firontend's standard transformation for array ac- 
cesses can be used, and a CDFG function's output is generated which provides the address. If applicable, 
the offset with respect to the RDFP RAM (as determined in the initial mapping phase) must be added. 
This output is connected to the pseudo RAM read's RD input (for a read access) or to the pseudo RAM 
write's WR input (for a write access). Additionally, the OUT output (read) or IN input (write) is con- 
nected. The START input is connected to the variable's START signal, and the U output is used as 
STARTnew for the next access. 

To avoid redundant read accesses, RAM reads are also registered in VARLIST. Instead of an integer 
variable, an array element is used as first element of die pair. However, a change in a variable occurring 
in an array index invalidates the information in VARLIST. It must then be removed from it. 

{ The following example with two read accesses compiles to the intermediate CDFG shown in Fig. 12. The 
START signals refer only to variable a. STOP1 is the event connection which synchronizesTtfte accesses. 
Inputs START (old), i and j should be substituted by the actual outputs resulting from the program before 
the array reads. ~ 

x = a[i]; 

y - aljl? 
z « x + y; 

jj Fig. 13 shows the translation of the following write access: 
a[ij = x; 

M A basic block is a program pan wfth a single entry and a single exit point, i. e. a piece of straight-line code. ' 
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Phase 2 We now merge the pseudo-functions of all accesses to the same RAM and substitute them by 
a single RAM function. For all data inputs (RD for read access and WR and IN for write access), GATEs 
are inserted between the input and the RAM function- Their E inputs are connected to the respective 
START inputs of the original pseudo-fimcrions. If a RAM is read and written at only one program point, 
the U output of the read and write access is moved to the ERD or EWR output, respectively. For example, 
the single access a [ i ] » x; from Fig* 13 is transformed to the final CDFG shown in Fig. 5. 

\ 

« However, if several read or several write accesses (L e. pseudo-functions from different program points) 
to the same RAM occur, the ERD or EWR events are not specific anymore. But a STARTnev event of 
the original pseudo function should only be generated for die respective program point, L e. for the cur- 
rent access. This is achieved by connecting the START signals of all other accesses (pseudo-functions) 
of the same type (read or write) with the inverted START signal of die current access. The result- 
ing signal produces an event for every access, but only for the current access a 1 -event. This event is 
ECOMB-combined with the RAM's ERD or EWR output The ECOMB 's output will only occur after 
the access is completed. Because ECOMB OR-combines its event packets, only the current access pro- 
duces a 1-event Next, this event is filtered with a 1 -FILTER and changed by a 0-CONSTANT, resulting 
in a START new signal which produces a 0-event only after the current access is completed as required. 

For several accesses, several sources are connected to the RD, WR and IN inputs of a RAM. This disables 
the self-synchronization. However, since only one access occurs at a time, the GATEs only allow one 
data packet to arrive at the inputs. 

For read accesses, the packets at the OUT output face the same problem as the ERD event packets: 
They occur for every read access, but must only be used (and forwarded' to subsequent operators) for 
the current access. This can be achieved by connecting the OUT output via a DEMUX function. The Y 
output of the DEMUX is used, and the X output is left unconnected. Then it acts as a selective gate which 
only forwards packets if its SEL input receives a 1-event, and discards its data input if SEL receives a 
0-evenL The signal created by die ECOMB described above for the STABT nexj} signal creates a 1-event 
for the current access, and a O-event otherwise. Using it as the SEL input achieves exactly the desired 
functionality. 

Fig. 4 shows the resulting CDFG for the first example above (two read accesses), after applying the 
transformations of Phase 2 to Fig. 12. STOP! is now generated as follws: START(old) is inverted* 
"2 to 1- connected" to STOP1 (because.it is die START input of the* second read pseudo-function), 
ECOMB-combined with RAM's ERD output and sent through the 1 -FILTER/0-CONSTANT combina- 
tion. START(new)is generated similarly, but here START(oId) is directly used and STOP1 inverted. The 
GATEs for input IN (i and j) are connected to START(oId) and STOP1 , respectively, and the DEMUX 
functions for outputs x and y are connected to the ECOMB outputs related to STOP1 and START(new). 

Multiple write accesses use the same control events, but instead of one GATE per access for the RD 
inputs, one GATE for WR and one gate for IN (with the same E input) are used. The EWR output is 
processed like the ERD output for read accesses. 

This transformation ensures that all RAM accesses are executed correctly, but it is not very fast since read 
or write accesses to the same RAM are not pipelined. The next access only starts after the previous one 
is completed, even if the RAM being used has several pipeline stages. This inefficiency can be removed 
as follws: 

First continuous sequences of either read accesses or write accesses (not mixed) within a basic block are 
detected by checking for pseudo-functions whose U output is directly connected to the START input of 
. another pseudo-function of the same RAM and the same type (read or write). For these sequences, it is 
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possible to stream data into the RAM rather than waiting for the previous access to complete. For this 
purpose, a combination of MERGE functions selects the RD or WR and IN inputs in die order given 
by the sequence. The MERGES must be controlled by iterative ESEQs guaranteeing that the inputs are 
only forwarded in the desired order. Then only the first access in the sequence needs to be controlled by 
a GATE or GATEs. Similarly, the OUT outputs of a read access can be distributed more efficiently for 
a sequence, A combination of DEMUX functions with the same ESEQ control can be use&jjtis most 
efficient to arrange the MERGE and DEMUX functions as balanced binary trees^ ^ 

The ST ART new signal is generated as follows: For a sequence of length n, the START signal of the 
entire sequence is replicated n times by an ESEQ[00..1] function with the START input connected to 
the sequence's START Its output is directly ,4 N to 1 connected" with the other accesses 9 START signal 
(for single accesses) or ESEQ outputs sent through 0-CONSTANT (for access sequences)* ECOMB- 
connected to EWR or ERD, respectively, and sent through a 1 -FILTER/O-CONSTANT combination, 
similar to the basic method described above. Since only the last ESEQ output is a 1 -event, only the 
last RAM access generates a STABT new as required- Alternatively, for read accesses, the generation 
of the last output can be sent through a GATE (without the E input connected), thereby producing a 
ST ART mm event 

Fig. 14 shows the optimized version of the fitst example (Figures 12 and 4) using the ESEQ-method for 
generating START ntil , 9 and Fig. 6 shows the final CDFG of the following, laiger example with three . 
array reads. Here the latter method for producing the START^ event is used 

x.= a[ij; 

z - a[k] ; 

f If several read sequences or read sequences and single read accesses occur for the same RAM, 1 -events 
for detecting the current accesses must be generated for sequences of read accesses. They are needed 
to separate the OUT-values relating to separate sequences. The ESEQ output just defined, sent through 
a 1 -CONSTANT, achieves this. It is again "N to 1 connected" to the other accesses* START signals 
(for single accesses) or ESEQ outputs sent through 0-CONSTANT (for access sequences). The resulting 
event is used to control a first-stage DEMUX which is inserted to select the relevant OUT output data 
packets of the sequence as described above for the basic method. Refer to the second example (Figures 

* 15 and 16) in Section 4.3 for a complete example. 

4*2.8 Input and Output Ports 

Input and output pons are processed similar to vector accesses. A read from an input port is like an 
array read without an address. The input data packet is sent to DEMUX functions which send it to the 
correct subsequent operators. The STOP signal is generated in the same way as described above for 
RAM accesses by combining the INPORTs U output with the cun-ent and other START signals. 

Output pons control the data packets by GATEs like array write accesses. The STOP signal is also 
created as for RAM accesses. 
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4m3 More Examples 

Fig. 7 shows the generated CDFG for the following for loop, , 
a - b + c; 

for (±=0; i<=lO; i++) { 
a = a + i; 
x[i] = Jc? 

} 

In this example, INI = {a} and IN2 = {*} (cf. Fig. 10). The MERGE function for variable a is 
replaced by a 2:1 data connection as mentioned in die footnote of Section 4.2.5. Note that only one 
data packet arrives for variables b, c and k, and one final packet is produced for a (out), forbody does 
not use a START event since both operations (the adder and the RAM write) are dataflow-controlled 
by the counter anyway. But the RAM's EWR output is the forbody's START nC w and connected to 
CNT!s NEXT input. Note that the pipelining optimization, cf. Section 4.2.6, was not applied here. If it 
* is applied (which is possible for this loop), CNT T s NEXT input is not connected, cf. Fig, 11. Here, the 
loop iterations overlap. START neu > is generated from CNTs U output and forbody's STAJRT n ew (i. e. 
RAM's EWR output), as defined at the end of Section 4.2.5. 

t The following program contains a vectorizable (pipelined) loop with one write access to array (RAM) x 
\ and a sequence of two read accesses to anay (RAM) y. After the loop, another single read access to y 
occurs. 

2=0;- 

for (i=0;*i<=10; i++) { 
x[i] = i; 

z - z + y[i] + y[2*i]; 

> 

a = y tk]; 

Fig. 15 shows the intermediate CDFG generated before the array access Phase 2 transformation is ap- 
plied. The pipelined loop is controlled as follows: Within the loop, separate START signals for write 
accesses, to x and read accesses to y.are used* The reentry to the forbody is also controlled by two in- 
dependent signals ("cyclel" and "cycle2"). For the read accesses, "cycle2 w guarantees that the read y 
accesses occur in the correct order. But the beginning of an iteration for read y and write x accesses' is 
not synchronized- Only at loop exit all accesses must be finished, which is guaranteed by signal "loop 
| finished". The single read access is completely independent of the loop. 

I Fig. 16 shows the final CDFG after Phase 2. Note that "cycler 1 is removed since a single write access 
/ needs no additional control, and "cycle2" is removed since the inserted MERGE and DEMUX functions 
automatically guarantee the correct execution order. The read y accesses are not independent anymore 
since they all refer to the same RAM, and the functions have been merged. ESEQs have been allocated 
to control the MERGE and DEMUX functions of the read sequence, and for the first-stage DEMUX 
I functions which separate the read OUT values for the read sequence and for the final single read access, 
j The ECOMBs, 1 -FILTERS, 0-CONSTANTs and 1 -CONSTANTS are allocated as described in Section 
j 4.2.7, Phase 2, to generate correct control events for the GATEs and DEMUX functions. 

i 
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